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Kurzfassung

Carbokationen gehoren zu den wichtigsten reaktiven Intermediaten in der organischen Chemie. Von
zentralem Interesse ist hierbei ihre Bildung sowie der Ablauf der von ihnen eingegangenen chemi-
schen Reaktionen. Das Wissen, das in den letzten Jahrzehnten {iber die Reaktionen von Carbokatio-
nen gewonnen wurde, stiitzt sich dabei auf die Auswertung von empirischen Untersuchungen. Eine
direkte Beobachtung der Bildungs- bzw. Reaktionsmechanismen selbst ist mit diesen Methoden aber
nicht méglich. Im Rahmen dieser Arbeit gelang es mit Hilfe der ultraschnellen transienten Ab-
sorptionsspektroskopie einen tiefen Einblick in diese Prozesse zu erlangen. Des Weiteren konnte die
Wichtigkeit der bei der Photolyse hiufig erzeugten Radikalpaare fiir die Erzeugung von Carbokatio-
nen aufgezeigt werden.

Mit Hilfe eines Aufbaus mit hochster zeitlicher Auflésung von unter 50 fs gelang die direkte
Beobachtung des Bindungsbruches nach UV-Anregung von Benzhydrylchlorid. Es konnte dabei ge-
zeigt werden, dass die photolytisch erzeugten Radikalpaare um ca. 80 fs und die Ionenpaare um
125 fs verzogert nach der Anregung erscheinen. Die Verzogerung entsteht durch die trige Bewegung
des Wellenpakets im angeregten Zustand in Richtung zweier aufeinander folgender konischer Durch-
schneidungen, die zu Radikalen bzw. Kationen fiihren. Die exakte Lage der Durchschneidungen und
der Pfad des Wellenpaketes ist demnach ausschlaggebend fiir die Aufteilung in die beiden Produkt-
kanile.

Nach dem ultraschnellen Bindungsbruch sind die beiden Fragmente noch in der urspriinglichen
Geometrie. Die darauf folgende Relaxation in den néichsten hunderten Femtosekunden geht einher
mit starken Verdnderungen der elektronischen Zusténde. Dies fithrt zusammen mit der Solvatation
zum beobachteten Anstieg des optischen Signals von etwa 300 fs sowohl beim Kation als auch beim
Radikal.

Weitere Carbokationen entstehen durch einen Elektronentransfer innerhalb des Radikalpaars,
der erst durch diffusive Trennung des Radikalpaars unterbunden wird. Die beobachtete Ausbeute und
Dynamik dieser Konversion konnen mit Hilfe von Simulationen von abstandsabhéngigen Radikal-
und lonenpopulationen verstanden werden, die Diffusion und abstandsabhéngige Reaktionen explizit
einbeziehen. Das bekannte Fehlen von Carbokationen in Losungsmitteln wie Dichlormethan auf der
Nanosekundenzeitskala kann der extrem effizienten geminaten Rekombination des lonenpaars zuge-
schrieben werden.

Dieser Nachteil kann umgangen werden, wenn anstatt des geladenen Chloridions das neutrale
Triphenylphosphan als Abgangsgruppe verwendet wird. Damit konnten auch in wenig polaren Lo-
sungsmitteln erhebliche Carbokationenausbeuten realisiert werden. Das zur Stabilisierung vorhande-
ne Gegenion kann dabei jedoch, abhéngig von den Bedingungen, weitere Reaktionskanile ermogli-
chen, die die Kationenausbeute verringern.

Das Beobachten ultraschneller, bimolekularer Reaktionen erfordert, dass die Reaktionspartner
in unmittelbarer Nachbarschaft vorliegen. Dies wurde zum einen durch die photolytischen Erzeugung
zweier Fragmente innerhalb einer inversen Mizelle realisiert. Die geminate Rekombination zwischen
den beiden ist hierbei nicht beeinflusst von Diffusion. Die gemessene Rate entspricht daher dem in-
trinsischen Reaktionsprozess.

Eine sehr allgemeine Moglichkeit, die im Rahmen dieser Arbeit erarbeitet wurde, ist die ultra-
schnelle, bimolekulare Reaktion eines photolytisch erzeugten Carbokations mit dem Losungsmittel.
Abhéngig von der Wahl des erzeugten Kations und des Losungsmittels wurden Reaktionen mit Raten
zwischen (388 ps)” bis zu (2.6 ps)” gefunden. Neben der Reaktivitit des Kations hingt die Rate da-
bei vor allem von der Grofe der Losungsmittelmolekiile ab. Vergleiche mit Reaktionen auf langsa-
meren Zeitskalen legen dabei nahe, dass die Reaktionsgeschwindigkeiten auf der Pikosekunden-
Skala von molekularen Bewegungen — etwa Rotationen — limitiert werden.

il



v



Summary

Carbocations belong to the most important reactive intermediates in organic chemistry. Understand-
ing their generation and the course of chemical reactions where carbocations are involved is hereby
of central interest. The knowledge about the reactions of carbocations gained during the last decades
is based on the evaluation of empiric investigations. They do not allow, however, for a direct obser-
vation of the formation and the reaction mechanism. In the framework of this thesis, a deep insight
into these processes was gained with the aid of ultrafast transient absorption spectroscopy. The
measurements furthermore revealed the importance of the concomitantly formed radical pairs for the
generation of carbocations.

The direct observation of the bond cleavage after UV excitation of benzhydryl chloride was
possible with the aid of a setup with highest temporal resolution below 50 fs. The photolytically gen-
erated radical and ion pairs are delayed by about 80 fs and 125 fs with respect to the excitation. The
delay is caused by the inertial motion of the excited wavepacket towards two successive conical in-
tersections leading to radicals and cations. The exact position of the conical intersections and the path
of the wavepacket therefore determines the partitioning into the two product channels.

After the ultrafast bond cleavage, the two fragments are still in a geometry close to that of the
precursor. The subsequent relaxation in the next hundreds of femtoseconds is hereby associated with
strong changes of the electronic states. This leads to the observed rise of the optical absorption signal
for the cation as well as for the radical band.

Further carbocations can be formed by an electron transfer within the radical pair which is even-
tually terminated by diffusional separation of the radical pairs. The observed yields and dynamics of
the interconversion can be understood with the aid of simulations involving distance dependent radi-
cal and ion pair populations which are subject to diffusion and distance-dependent reactions. The
simulations furthermore reveal that the absence of carbocations on the nanosecond time scale in sol-
vents such as dichloromethane is caused by an extremely efficient geminate recombination of the ion
pairs.

This disadvantage can be circumvented by using the neutral triphenylphosphine instead of the
charged chloride ion as leaving group. It allows for the generation of carbocations with a reasonable
yield even in solvents of moderate polarity. Attention has to be paid, however, to the choice of the
counterion. Depending on the experimental conditions, the counterion can open up further reaction
channels which deteriorate the cation yield.

The observation of ultrafast, bimolecular reactions requires the immediate vicinity of reaction
partners. This was implemented on the one hand by the photolytical generation of two fragments in a
reverse micelle. Here, the geminate recombination between both fragments is not influenced by dif-
fusion. The measured rate therefore corresponds to the intrinsic reaction process.

A general possibility, which was established within this work, is the ultrafast, bimolecular reac-
tion of a photolytically generated carbocation with the solvent. Depending on the choice of the gen-
erated cation and the solvent, rate constants from (388 ps)_1 up to (2.6 ps)_1 were found. Besides the
reactivity of the cation, the size of the solvent molecule is the factor which influences the rate the
most. Comparisons with reactions on slower time scales suggest that the reaction rates on the pico-
second scale are limited by molecular motions such as rotations.
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1. Introduction

Organic molecules, i.e. carbon-based molecules, are at the heart of the world as we know it.
Their importance can hardly be overestimated as they constitute the building blocks for any
known organism. Not only the tissue of the organisms is hereby mainly built of organic
molecules, even their vital functions are steered and controlled by an orchestrated interplay
of carbon-based molecules.

The last decade has witnessed the advent of electronic devices based on organic mole-
cules. Just as inorganic crystals, organic compounds can act as semiconductors [1]. This
opens up a series of important applications comprising organic solar cells as first realized by
Michael Gritzel [2] and organic light-emitting diodes (OLEDs) [3] which entered into con-
sumer electronics in the last years. The potential for their low-cost production and their
flexibility hereby constitutes their undeniable advantage.

Organic molecules are formed by chemical reactions between precursors and can again be
converted into further molecules. The exact course of a reaction between two individual
molecules is hereby not predetermined and a distribution of products is frequently observed.
An in-depth understanding of the reaction processes in organic chemistry and of the species
or intermediates involved in the reactions is therefore crucial.

In the last decades, much research effort has been invested to elucidate the physical
mechanisms behind chemical reactions on an atomic scale. Due to their relative simplicity,
experimentalists and theoreticians hereby mainly focused upon studying the reaction process
between small molecules in the gas phase. Seminal developments and results were achieved
by Dudley R. Herschbach and Yuan T. Lee upon reactive collisions between molecules by
virtue of the crossed molecular beam technique (Nobel Prize in Chemistry 1986) [4,5]. A
real-time observation of the reaction process itself was, however, not possible. It needed the
integration of ultrashort laser pulses for a direct observation of the processes involved (No-
bel Prize in Chemistry for Ahmed H. Zewail 1999). For this, a van der Waals complex of
two molecules is excited by a short light pulse which leads to fragmentation of one of the
molecules. The hot fragment can then attack the second molecule resulting in the formation
of new molecules which can be detected spectroscopically [6].

The majority of reactions between organic molecules occuring in nature or carried out in
chemistry laboratories takes place, however, in solution. The large number of solvent mole-
cules, their thermal motion and their interactions with the reactants complicate the descrip-
tion of the system. In many cases the solvent itself is directly involved in the course of the
reaction. Therefore, the underlying reaction mechanisms have so far been determined via
indirect approaches such as intermediate trapping or product studies. These rather empiric

methods allowed to identifiy several reaction classes.
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An important class of reactions in organic chemistry are the nucleophilic substitutions in
which the leaving group X~ of a substrate R-X is replaced by the nucleophile Y™ (neutral
leaving groups or nucleophiles are also possible). The nucleophile exhibits an electron pair

which, after the reaction, is located on the leaving group [7]:
R-X+Y — R-Y+ X

Two important types of nucleophilic substitutions are distinguished:

e In the Sy2 mechanism, the substrate is attacked by the nucleophile on the position oppo-
site to the leaving group. The bond formation between the nucleophile and the substrate

and the cleavage of the bond between the substrate and the leaving group are hereby si-

multaneous.
\ T
Y'qIC—X—> Yoo G X | —> Y—C\~..,, + X
SN\

e The Sy1 mechanism proceeds in two steps. In the slow first step, the substrate is ionized
(i.e., it dissociates) and a carbocation is formed. In the second step the intermediate car-

bocation undergoes a fast reaction with the nucleophile:

\ | _ +Y~ /
wC—X — C* +X _—X_> Y—C-..,
{ SN\ \

The intermediately formed carbocations constitute one of the most important classes of
reactive intermediates [8]. They are organic molecules which exhibit a positively charged
carbon atom. As these carbon atoms are electron deficient they are often highly reactive and
only highly stabilized carbocations can be observed under ordinary conditions. Pioneering
work on these species has been accomplished by George A. Olah which earned him the No-
bel Prize in Chemistry in 1994. He found that a large series of carbocations can be generated
and stabilized in superacidic solution [8,9]. This discovery allowed Olah and others to inves-
tigate the properties of carbocations as well as their chemistry.

The study of chemical reactions of carbocations on the femto- to nanosecond time scale
requires a technique for their ultrafast generation under controlled conditions. Such fast reac-
tions cannot be studied by conventional methods, because the reaction times are shorter than
the time required for the mixing of the reagents, even when fast methods such as the
stopped-flow technique are employed. A possible ultrafast approach is the photochemical
production of carbocations R" by irradiation of suitable neutral (R-X) or charged (R-X") pre-

cursors according to

R-X > RY¥+X~  or RX" 2 Rt+X
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with the (photo-)leaving group X~ or X [10-13]. The photoinduced heterolysis of the precur-
sor can proceed on the sub-picosecond time-scale [14,15] which opens up the observation
and investigation of ultrafast processes and reactions of the generated carbocations.

The photolytic generation of carbocations and their detection with femtosecond resolution
allow hereby for the direct examination of the first instants of their generation and the subse-
quent evolution — processes which are not accessible experimentally otherwise. As the leav-
ing group is located in the immediate vicinity of the nascent carbocation, it is conceivable
that it plays an important role in the first hundreds of picoseconds in the life of the cations.
Only the increase in the mean distance between the two photofragments by diffusion eventu-
ally terminates the influence of the leaving group, at least on the sub-nanosecond time scale.
Furthermore, the photolysis is frequently accompanied by homolytic bond cleavage which
results in a pair of radicals as photofragments. This opens up an alternative pathway for ion
pair generation by electron transfer in the radical pairs. The exact mechanism and processes
was, however, unclear.

Benzhydryl cations constitute an important class of carbocations which can be generated
by photolysis from a series of precursors. Their reactivity can be easily changed over orders
of magnitude by suitable substitution on the two phenyl rings. With the aid of benzhydryl
cations, a comprehensive electrophilicity and nucleophilicity scale was developed which
allows to indicate the reactivity of electrophiles, i.e. electron pair acceptors such as carboca-
tions, and nucleophiles, which can act as electron pair donors [16-19]. The second-order rate
constant k (in units of M_ls_l) of reactions between an electrophile and a nucleophile can be

predicted by the linear free energy relationship:
logk=s(N+E).

The electrophilicity parameter E, the nucleophilicity parameter N and the parameter s are
hereby determined empirically by the measurement of the reaction rate for a large number of
electrophile-nucleophile combinations on the minutes to nanosecond time-scale. The large
set of benzhydryl cations with well-known electrophilicities constitute hereby a prime basis
for the investigation of reactions on the ultrafast timescale.

In the framework of this thesis, the quantitative femtosecond transient absorption spec-
troscopy of carbocations and carbon radicals has been established. Chapter 2 presents the
experimental and analytical techniques needed for the observation of theses species and to
understand the processes they undergo. For the measurements, a broadband transient absorp-
tion spectrometer was developed which allows for the detection of small absorption changes
over a large spectral and temporal range. In contrast to typical transient absorption measure-
ments of dye molecules, the precursor solutions studied in this work can degrade rapidly. A
short measurement time and an independent examination of the integrity of the sample are

therefore essential. Two techniques, namely the interleaving scale and the on-line measure-
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ment of the UV/Vis absorption spectra of the sample, were therefore developed. Since the
observed processes can be described only in part by classical rate models, new fit functions
had to be introduced which account for the modified dynamics. A quantitative evaluation of
the transient spectra then allows for an in-depth analysis of the observed processes beyond a
mere indication of time or rate constants. The obtained yields and quantum yields provide
further insight into the mechanism, and comparisons between different measurements are
rendered possible. It was furthermore found, that the transient absorption bands assigned to
carbocations and carbon radicals undergo a temporal shift. The shift of the absorption band
maxima can be determined by an iterative algorithm with a precision better than 0.1 nm.

With the aid of the introduced experimental and analytical tools, Chapter 3 sheds light on
the photo-generation of carbocations and carbon radicals and the processes they undergo
subsequent to the bond cleavage. In Section 3.1, the range of precursors studied within this
work and the generated carbocations are presented. By introducing substituents on the
phenyl rings of the benzhydryl cations, their electrophilicity — and thus their reactivity to-
wards nucleophiles — can be easily changed. The two classes of precursors — neutral benzhy-
dryl chlorides and benzhydryl phosphonium salts — allow to study the influence of the charge
on the processes.

The direct observation of the photo-induced bond cleavage for the benzhydryl chlorides
leading to radical pairs and ion pairs is presented in Section 3.2. The measurements with
highest temporal resolution show that the process cannot be understood in terms of a classi-
cal rate model with competing stochastic processes leading to the two observed photopro-
ducts. It must rather be described by the inertial motion of a nuclear wavepacket which is
generated by the excitation of the precursor. The passage of two successive conical intersec-
tion then leads to the formation of the two photoproducts, benzhydryl cations and radicals.

The subsequent increase of the optical absorption signal within the first picosecond found
for a wide range of photo-generated benzhydryl cations and radicals is explained in Section
3.3. It does not originate from the bond cleavage as suggested by earlier studies. The signal
increase is rather caused by geometric relaxation and solvation of the nascent photofrag-
ments directly after the bond cleavage. These rearrangements are associated with the
strength and energetic location of transitions leading to a changing absorption band shortly
after the bond cleavage.

The radical pairs generated by photolysis of benzhydryl chloride are in polar solvents
thermodynamically less favorable than a pair of ions. The resulting electron transfer leading
to the ion pair is only terminated when the mean distance between the radicals becomes too
large. As demonstrated in Section 3.4, the electron transfer, the possible recombination and
the escape of all species involved in the process can be described by a combined Marcus-

Smoluchowski model. It furthermore shows that the insufficient electrostatic shielding of the
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ion pair provided by moderately polar solvents, such as dichloromethane, is responsible for
the negligible carbocation yield on the nanosecond time scale.

This limitation can be circumvented by the use of phosphonium salts in which the leaving
group is uncharged (Section 3.5). They allow for high cation quantum yields even in sol-
vents of rather low polarity. Through the introduction of the counterion, new reaction chan-
nels emerge which are operational depending on the precursor concentration, the solvent and
the nature of the photolyzed phosphonium salt.

Bimolecular reactions of carbocations with appropriate reactants in solution are usually
rather slow as the mean separation between two reactants is large. Since a reaction is only
possible when they encounter by diffusion, the reactions take place on the nanosecond time
scale or slower. For the investigation of ultrafast bimolecular reactions on the picosecond
scale or below new experimental approaches had therefore to be established. In particular,
the influence of diffusion on the observed dynamics has to be eliminated which can be ac-
complished by the encapsulation of two reactants in a reverse micelle as described in Sec-
tion 3.8. An encapsulated precursor molecule is photolyzed which leads to a benzhydryl
cation and the leaving group within the restricted environment. The geminate recombination
of the photofragments is therefore not terminated by diffusional separation as observed for
the pair generated in bulk solution.

A novel approach to observe ultrafast bimolecular reactions without diffusion is estab-
lished in Chapter 4. Hereby, the carbocation is generated photolytically in alcohols with
which it can react ultrafast. It is furthermore guaranteed that the cation is always encom-
passed by reactants. The cations were generated from precursors with the rather small and
negatively charged chloride as leaving groups, or the electrically neutral and much bulkier
triphenylphosphine. The influence of the leaving group on the bimolecular reactions is sum-
marized in Section 4.1.

The ultrafast bimolecular reactions of a large range of benzhydryl cations (Section 4.3)
with a series of alcohols (Section 4.2) was investigated. For slower bimolecular reactions of
benzhydryl cations with alcohols taking place on the minute to nanosecond time scale, a
large set of rates was reported. This data allow for a qualitative and quantitative comparison
with the ultrafast reaction rates (Section 4.4). The trend found in the slower measurements,
that higher electrophilicity leads to a faster rate, is preserved even for reactions on the single
picosecond scale. In contrast to the slower reactions, the length of the alcohols now plays a
decisive role for the reaction rate constant. While the fastest rates are observed for the reac-
tions with methanol, reactions with longer alcohols become increasingly slower. The possi-

ble origin of this slow-down is discussed in Section 4.5.
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2. Ultrafast, quantitative transient absorption spectroscopy

2.1 Femtosecond broadband transient absorption spectroscopy

Many chemical processes such as bond breaking, bond formation, electron or proton trans-
fer, molecular rearrangements and diffusion take place on an ultrafast timescale from a few
femtoseconds to pico- and nanoseconds [20]. Pump-probe spectroscopy constitutes a versa-
tile approach to measure ultrafast dynamics and is used in many variations to study the
course of a reaction.

The basic idea behind this technique is to induce a well-defined perturbation to the stud-
ied system with a first short light pulse (called pump). The second pulse (called probe) then
interrogates the change of the sample after a well-defined temporal delay. In femtosecond
broadband transient absorption spectroscopy the sample is excited by an ultrashort light
pulse typically in the ultraviolet or visible spectral range. The probe pulse detects the change
of the optical density (OD) of the sample. Hereby, the utilization of a spectrally broad probe
pulse and its wavelength-resolved recording allows for the detection of a variety of processes
and/or species within one measurement. Additionally, the interpretation not only relies on
the signal measured at one selected wavelength but is supported by the knowledge of the
evolution of the absorption spectrum over a large time and wavelength range. This further-
more allows for the recognition of effects such as spectral narrowing or shifts of absorption
bands (see Section 2.7).

A schematic of the basic femtosecond broadband transient absorption spectrometer used
and developed further within this work is shown in Figure 2.1. It is described in detail in the

following publication:

“Sub-50 fs broadband absorption spectroscopy with tunable excitation: putting
the analysis of ultrafast molecular dynamics on solid ground”

U. Megerle, 1. Pugliesi, C. Schriever, C. F. Sailer, E. Riedle

Applied Physics B: Lasers and Optics 96, 215-231 (2009).

The spectrometer is based on a 1-kHz Ti:Sapphire regenerative amplifier, which delivers
pulses at a central wavelength of 775 nm and a duration of about 150 fs. The pump is gener-
ated by a noncollinear optical parametric amplifier (NOPA) with subsequent second har-
monic generation [21-25]. The resulting tunability of the pump wavelength allows for the
selective excitation of chosen molecular absorption bands. With the aid of a prism compres-
sor 30 fs-pulses at the position of the sample are readily achievable. The compressor is in-
troduced directly after the NOPA and (pre-)compensates for the chirp introduced by disper-
sive elements in the optical path of the pump beam. A broadband probe pulse spanning from

285 nm to 720 nm is generated by focusing a small part of the laser fundamental in a cal-
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cium fluoride (CaF,) crystal [26-28]. The relative orientation of the pump and probe polari-
zation is set by a half-wave plate in the pump beam after the last mirror (see Section 3.6 for a

discussion of the effects linked to the relative pump-probe polarization orientation).

........................

pu’
A

Ti:Sa
! S S WLG .
T et
\ ] i
BBO! : i
= i
; delay cCD
: : A2
' sample $
NOPA : i
L 4 ;
SHG chopper
"""""" ==

Figure 2.1: Scheme of the femtosecond broadband transient absorption setup. NOPA: noncollin-
ear optical parametric amplifier; PC: prism compressor; SHG: second harmonic generation; BBO:
B-barium borate crystal; A/2: half-wave plate; WLG: white light generation; PS: prism spectro-
graph.

The pump and probe pulses are focused into the sample and are brought to a maximal
spatial overlap. The temporal delay between the pump and the probe pulse is defined by the
difference of the optical path length for the two pulses. It can be controlled by a linear trans-
lation stage introduced in the pump beam. It allows to adjust the delay up to about 2 ns with
a <5 fs precision. While the focal diameter of the probe is typically 30 um the pump should
be significantly larger. This provides the needed robustness of the measured transient signal
against small changes in the position of the pump beam, e.g., originating from a non-
perfectly aligned translation stage or a slightly diverging pump beam.

After the sample, the probe whitelight is spectrally resolved in a prism spectrograph and
detected with a CCD operating at 1 kHz. Since the chopper in the pump branch blocks every
second pulse, the CCD records alternately spectra when the pump was blocked (commonly
abbreviated with T()) and spectra when the sample was excited by the pump (T). The trans-
mitted spectra T is connected with the concentration ¢ of the absorbing species by the Lam-
bert-Beer Law

T=T,-10-OP =T, -10-&ed 2.1)
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with the optical density of the sample OD, the molar absorption coefficient € and the sample
thickness d (see Section 2.5). The spectrally resolved transmission change of the sample
upon excitation is then given by T/T,. Finally, the transmission change is converted into the
change in optical density AOD = -log T/T, since AOD is the unit closer to the molecular
realm: AOD is linear in the concentration of the detected species and equals zero if no ab-
sorption change is observed.

In Figure 2.2 the observed transient absorption after 270 nm excitation of (tol),CH-
DPPBS in dichloromethane is shown as an exemplary data set (see Table 3.2 for the struc-
ture of the molecule). A false color representation of the measured signal is depicted in Fig-
ure 2.2b: red colors indicate high transient absorption, blue colors low absorption. The time
axis is linear between -1 ps and 1 ps and logarithmic beyond. Transient spectra at selected,
characteristic times (see Figure 2.2a) from the temporally and spectrally resolved data allow
to identify the optical signatures of the species involved in the photo-induced dynamics.
Their kinetics can be followed with the aid of the time-dependent absorption signal at wave-

length intervals connected to the species under investigation (shown in Figure 2.2¢).

(a) . AOD (%)
- Wo.0
0.5- © 05
0.0 ' Y

© AOD (%)

300 X (nm) 400 500 600 0.0020406081.0

Figure 2.2: Transient absorption measured after UV excitation of (tol),CH-DPPBS (see Table 3.2
for the structure of the molecule) in dichloromethane. a) Transient Spectra at selected delay times
Q. ® and ©. b) False color representation of the time and wavelength resolved data. ¢) Time
dependence of the absorption signal at selected wavelength intervals @, © and @. The grey

dashed lines indicate the selected regions for the profile representation in a) and c).
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Signal Contributions in Transient Absorption Spectra. A series of different transient sig-
nals can occur after photoexcitation of molecules in a sample and therefore contribute to the

observed transient absorption spectrum:

e Excited State Absorption, corresponding to a transition from the excited state to a
higher electronic state, e.g., S5 «<— S;. It leads to an increase in the absorbance of the
sample (AOD > 0).

¢ Ground State Bleach due to a decreased population of molecules in the electronic

ground state and a following increased transmittance (AOD < 0).

e Stimulated Emission: When a probe photon is in resonance with an transition of an ex-
cited molecule to a lower-lying state (e.g., from S; to S), it can stimulate the emission of
a further photon. This photon has the same wavelength and direction as the probe photon
and therefore leads to more probe light on the detector at that specific wavelength
(AOD <0).

e Product Absorption: After photoexcitation the molecule can undergo a chemical reac-
tion such as isomerization, electron transfer or the cleavage of a bond. Frequently, the
newly formed products exhibit absorption bands in the UV/Vis spectral range
(AOD > 0). If the molar absorption coefficient &,,4 of the product is known, e.g., from
steady state measurements or actinometry, it is possible to determine the product concen-

tration and the quantum yield @4, leading to the product (see Section 2.3).

Furthermore, there are coherent signal contributions stemming from non-linear interactions
between pump and probe. Especially important for the transient absorption spectroscopy are
two-photon absorption, cross phase modulation and stimulated Raman amplification [29].
By these interactions probe photons are depleted as long as the pump-probe delay is within
the cross correlation of the pump and probe pulse convoluted with the electronic dephasing
time of the sample. Since typical dephasing times are on the order of few tens of femtosec-
onds [30,31] these signal contributions only occur about 100 fs around time-zero. Although
part of the coherent signal originates from non-linear pump-probe interaction with the stud-
ied molecule [32] the major part is generated within the solvent and the flow cell windows
(see Section 2.5).

Advancing to the nano- and microsecond time scale. The control of the time delay between
pump and probe by increasing and decreasing the optical path length of the pump pulse lim-
its the accessible time range to several nanoseconds. Longer delays cannot be realized since
all beam parameters — namely the beam position in the sample and the focal diameter — have

to be kept constant when introducing additional path length. This turns out to be impossible

10
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for delays larger than several nanoseconds (10 ns delay correspond to 3 m additional path
length).

........................

Ti:Sa > O—H s ﬂ

——— WLG .
l % chopper
CCD
Delay JL Nd:YAG sample ‘
Generator > + OPO
Y ;
=

Figure 2.3: Scheme of the modified transient absorption spectrometer (compare to Figure 2.1) for

measurements from nanoseconds to microseconds.

In order to measure at delay times longer than about 2 ns a Nd:YAG-pumped OPO was
implemented replacing the Ti:Sapphire-pumped NOPA as source of the pump pulses. The
OPO generates pump pulses with 2 ns to 3 ns pulse length tunable from 210 nm to the IR.
The light pulses can be triggered electronically by the Ti:Sapphire and exhibit a timing jitter
smaller than 200 ps with respect to pulses of the Ti:Sapphire. For transient absorption meas-
urements, the time delay between the pump pulses (from the OPO) and the probe pulses (still
generated by the Ti:Sapphire) can be controlled by the help of two delay generators [33] (see
Figure 2.3 for a scheme of the setup). The small changes on the setup needed and the fast
disposition of the pump light generated by the OPO thus allows for two consecutive meas-
urements: a transient absorption measurement with femtosecond resolution for time delays
up to 2 ns and a further measurement with nanosecond resolution from 2 ns up to hundreds

of microseconds.
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2.2 Fitting the dynamics of photo-induced processes

An important step in understanding the measured transient absorption spectra and therefore
the photo-induced process, is the numerical fitting of an adapted model to the data. This al-
lows to specify time or rate constants for certain processes and allows for a deeper insight
into the sequence of induced processes.

The commonly implemented numerical data analysis fits a sum of exponential functions
with different amplitudes and time constants to the transient absorption data. It is multiplied
with the Heaviside step function O(t) and convoluted with the instrumental response func-

tion which accounts for the finite time resolution of the setup [34]:
F(t)=1IRF(t )®{9( t )-[ZAi exp( —%. )+const}}+coherent artifact.  (2.2)
i 1

The instrumental response function IRF is a Gaussian-shaped function:

1 t2
IRF(t)= exp| —4In2 (2.3)
(v wyn p( TI%WHMJ
with w—#r (2.4)
Jln o [FWHM .

The width of the IRF Ty 1s given by the cross correlation between pump and probe and
might be increased by group velocity mismatch [35]. The convolution with the sum of expo-
nential functions can be solved analytically with the aid of the error function erf{(t) and the fit

function can be written as:

2 1—erf ( w_t j

F(t)=ZAi‘exp(( hil j —LJ 2t W + coherent artifact (2.5)
. 21 T 2

The coherent signal contributions (commonly called coherent artifact) around time-zero can

be fitted by a Gaussian function with the same width as the IRF and its first and second de-

rivatives.

The fit function F(t) is based on several assumptions [36]. It supposes that the complete
reaction can be described by invoking well-defined intermediate states with populations N;
and transitions between them. Each state can be assigned a fix, time-invariant spectrum.
Therefore, temporal changes of the spectrum — e.g., by solvation or vibrational cooling — can
not be modeled. It furthermore assumes that the population change of every intermediate
state can be fully described by a system of coupled differential equations:

_AN; _
dt

Z(_kmiNm +KimNj ) (2.6)

m
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where k, ;N describes the rise of the population N; due to transfer of population from N,
and k;,,,N; the transfer process vice versa. Furthermore, it is assumed that the evolution of the
populations from the initial conditions starts at t = 0. While these assumptions are fulfilled
for a large range of studied system, at least two exceptions exist leading to a deviating dy-

namics:

e As shown in Section 3.4, the rates for certain processes can be time-dependent which

leads to non-exponential dynamics.

e The excitation of a molecule with an ultrafast pump pulse leads to the formation of a
wave-packet on the excited state potential energy surface which can propagate on this
surface. The encounter of a conical intersection can lead to an ultrafast transition to an-
other potential energy surface. Thus, the transition is temporally delayed with regard to
the pump pulse. Furthermore, the assignation of a rate to this process is not meaningful
since there is no constant probability of the process to happen. It can be rather described

by a jump in the population at a defined delay time.

Therefore, the fit function F(t) has to be adapted to account for the changed preconditions.

Fitting a time-dependent rate with a stretched exponential. As it is shown in Section 3.4 the
electron transfer dynamics observed after UV excitation of benzhydryl chlorides is clearly
non-exponential since the rate is time-dependent. More general, many processes with a time-
dependent rate posses stretched exponential dynamics [37], where the temporal evolution of

a signal is given by

A(t)=Asp exp[—(t/rSE )BJ 2.7)
with the stretched exponential time constant tqg and the stretching parameter . The average
time constant for the stretched exponential is given by [37]

<r>:jgoexp[—(t/tSE)B}-dterEF(l+%j (2.8)

In many cases it is sufficient to set f = 0.5 to reproduce the observed dynamics. This pre-
vents the introduction of additional free fit parameters. With = 0.5 the average time con-
stant is (1) = 2 1.

Compared to an exponential function, the stretched exponential exhibits a faster decay in
the very early stage but a significant part of the signal persists for longer times (see Figure
2.4a). The observation of stretched exponential dynamics thus implies the existence of a
broad distribution of time constants (or rates accordingly). For instance, the distribution for
tgg = 10 ps and B = 0.5 exhibits significant contributions between a few picoseconds up to

50 ps (see Figure 2.4b). This is in strong contrast to mono-exponential functions which are

14
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based on a delta distribution. Broad distributions of rates are found, for example, in hetero-
geneous biological samples [38] or flexibly linked donor-acceptor systems [39] where the

system can have a multitude of configurations with differing rates.

C
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Figure 2.4: a) Comparison between a stretched exponential function with tgg = 10 ps and B = 0.5
and a mono-exponential fit (T = 16 ps) to it. b) Distribution of time constants leading to the func-

tions shown left. For the mono-exponential function the delta distribution is shown schematically.

In order to acquire the stretched exponential dynamics (as observed for example at the
electron transfer dynamics of benzhydryl chlorides), the fitting function (2.1) was extended

as follows:

F(t):IRF(t)@{@(t)-{ZAi exp(—t/1; )+Asg exp[—(t/rSE )B }+c0nst}}+artifact
i

(2.9)
In contrast to exponential functions, the convolution of the stretched exponential function

with the Gaussian-shaped IRF can not be solved analytically. Therefore, a numerical convo-

lution of the stretched exponential function with the IRF is carried out in the fitting routine.

Fitting delayed dynamics. A delayed starting point for a dynamics with respect to the excita-
tion can be implemented by a time delay At as free fit parameter. The fit function then con-
sists of two sums of exponential functions — one starting at time-zero, the second starting at

time-zero plus the time delay:

F(t)zIRF(t)@{@(t)-[Zi:Ai exp(—t/7; )+const.}}

+@(t—At){ZAiexp(—t_mj%rconstl (2.10)
i Ti
+ coherent artifact

The undelayed exponential functions have to be implemented as they account for the in-
stantaneous excited-state absorption and any dynamics of it. Since the coherent artifact is a
result of the non-linear interaction between the pump and the probe pulse, the coherent arti-

fact is still centered around the time-zero given by the excitation pulse.
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Figure 2.5: a) Simulated transient absorption signal for molecular dynamics delayed to the excita-
tion. b) Signal decomposition with the aid of the fit function (Eq. 2.10) leads to the contributions
from the coherent interaction, the undelayed dynamics and the subsequent, delayed dynamics.

Figure 2.5 shows a simulated transient absorption signal for the generic case where a co-
herent signal, undelayed dynamics as well as delayed dynamics (by 200 fs with respect to
the excitation) is observed. A fit with Eq. 2.10 reveals these three contributions and allows to
distinguish between them.
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2.3 Determination of yields and rates of photoinduced reactions

When evaluating time-resolved transient absorption spectra, fitted time constants are by far
not the only information which can be extracted. Especially when the studied molecule un-
dergoes photoinduced chemical transformations the determination of product yields is much
more important than the mere knowledge of an exact numerical value for the time constant
or rate of the reaction.

The ratio between the number of formed product molecules Ny, divided by the number
of absorbed photons Nyj, .1 18 called quantum yield @ 4. Through division by a suitable

volume the product quantum yield can be easily expressed in terms of concentrations:

Nprod ( t) _ Cprod ( t )
N ph,abs Cexcited

(Dprod(t): (211)

where ¢4(t) is the concentration of formed product molecules and Cqyjteq 18 the concentra-
tion of molecules excited by the pump light. Equation 2.11 is still valid when only consider-
ing small volumes irradiated by the pump pulses.

Both quantities — Nj,roq and Npp ops — can be determined with a number of techniques.
Nprod can for example be obtained from high performance liquid chromatography (HPLC),
gas chromatography or NMR spectroscopy. Ny, 41, 1s often measured by actinometry [40] or
by opto-electronic devices such as solar cells [41]. However, the majority of the species ob-
served in femtosecond transient absorption spectroscopy are too short-lived for a quantitative
analysis of Nj,,q with the techniques mentioned above. Therefore, a calculus was developed

which allows for the determination of ¢4 directly from the optical signals.

Determination of photoproduct concentrations. For the studied benzhydryl chloride and
phosphonium salts the two main photoproducts observed on the femto- to nanosecond scale,
benzhydryl radical and cation, exhibit two strong, spectrally separated product bands around
Madical = 330 nm and A, = 440 nm (see Section 3). Their molar absorption coefficients
€radical and €.ation at the maximum of the absorption band are on the order of 50,000 to
100,000 L-mol'l-cm'1 and are well-documented in the literature [11] for a variety of deriva-
tives with substituents on the phenyl rings. Therefore, the time-dependent concentration of

benzhydryl radicals and cations in the irradiated volume of the sample can be calculated via:

D (t; A g D (62 cas
OD( t; A adical ) . Ceation (1) = OD ( t; X cation ) ’ (2.12)
€ radical -d

€ cation d

Cradical ( t ) =

where d is the sample thickness (see Section 2.5) and OD(t; A ,gican) and OD(t; Acyii0n) are the

measured transient absorbances at the maximum wavelength A, 4;ca1 and A u4i0n Of the prod-
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uct bands. Typical concentrations of benzhydryl radicals and cations on the picosecond to

nanosecond scale are ~ 10 uM.

Concentration of excited molecules. The concentration of excited molecules is the product
of the concentration of the molecules ¢ and the excitation probability P, .. The latter de-
pends on the number of pump photons ny, and the cross section ¢ of the molecule at the
pump wavelength. Assuming that the photons are homogeneously distributed over a surface

with diameter D the excitation probability is given by [34]:

pump
E pump 4 In10

Poye =n,yp-0= € ) (2.13)
exc p he / A 7D [z)urnp N4
where Ej, 1, 1s the pump energy (i.e., without losses by reflection) and ¢ is the molar absorp-

tion coefficient at the pump wavelength A. However, Eq. 2.13 is a rather crude approxima-
tion which does not take into account a realistic pump beam shape and the pump attenuation
within the sample.

A more detailed approach accounts for the profile of the Gaussian-shaped pump beam
with a FWHM diameter of D,;,, = 100-150 pm. The excitation probability is then a func-
tion of the distance from the center:

(2.14)

E 2
P ()= oum 42 (_41n2r } In10

= -&
he/A D2 ymp D3 mp Na

For a probe beam significantly smaller than the pump beam, the excitation probability is then

given by the value of P, (r) atr =0

p _Epump 4In2  Inl0

% " he/d D2y . Na

(2.15)

which means that the use of Eq. 2.13 overestimates the number of excited molecules by
about 30%.'

For strongly absorbing samples the attenuation of the pump pulse in the absorbing sample
has to be taken into account. According to the Lambert-Beer law, the pump energy in an

absorbing sample at a penetration depth x is given by

E(x )= E pump1 075 (2.16)

Integration over the sample layer (optical density at the excitation wavelength OD, thick-

ness d) leads to an average pump energy E exciting the molecules:

pump,avg

1-10-0D

Epump,avg = Epump OD—- n10 (2.17)

' The inclusion of a finite probe diameter leads to a further correction by a few percent.
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This leads to a further correction of Eq. 2.13 on the order of 10% to 30% for an optical den-
sity of the sample between 0.1 to 0.3.

Characterization of the experimental conditions. The evaluation of the concentration of
excited molecules cqyiteq N€€ds the precise determination of several experimental quantities.
The sample concentration ¢ as well as the molar absorption coefficient € can be easily ob-
tained from an accurate measurement of the weight of the sample, the volume of the solvent
and an UV/Vis spectrum. For the characterization of the pump pulses one has to measure the

pump wavelength, the pump energy E with which the molecules are excited and the di-

um
ameter of the pump in the pump-probz oserlap region. While the wavelength measurement
should be uncritical, attention has to be paid to the last two issues. It is not sufficient to
measure the pump energy in absence of the flow cell. The best results and the most informa-
tion are gained when the energy is additionally measured after the flow cell — once with neat
solvent and once with the sample solution to be measured. One hereby obtains important

information about the excitation conditions of the sample:

e The pump energy: it corresponds to the geometric mean of the energy value measured
before and after the flow cell, filled with neat solvent E ;i =/ Epefore * Eafter -

e The optical density of the sample and the energy loss suffered by the introduction of the
flow cell, namely due to reflection on the interfaces, due to two-photon absorption in the

solution? or due to dirt on the flow cell windows.

Since (according to Eq. 2.13) the concentration of excited molecules is proportional to
szump, a precise determination of the pump beam diameter in the flow cell is crucial. This
can be accomplished by a beam profiler. However, special care has to be taken in the posi-
tioning of the camera to ensure that the diameter is measured at the position of the flow cell
in the following experiment. Since the pump beam is diverging’ and astigmatism changes
the beam shape the positioning with at least millimeter accuracy should be attained. A possi-
ble approach is to overlap pump and probe in a pinhole at the flow cell position. Then both
beams have to be attenuated independently since the intensity of the focused pulses is far too
high for CCD-based beam profilers. The attenuation should be accomplished in the colli-
mated beams by reflective neutral density filters to prevent the generation of thermal lenses
and a resulting falsification of the measured value. Hereby, the back reflection can be used to
ensure a perpendicular positioning of the filter to the beam and to avoid a parallel offset. By

moving the beam profiler along the propagation direction, the point of overlap between

? For a compilation of two-photon absorption coefficients of solvents at 264 nm see Ref. [Dra02].
* The Rayleigh length of the pump beam before and after the focal point is a few centimeters.
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pump and probe can be found which is equivalent to the position of the flow cell in the fol-

lowing experiment.

Determination of efficiencies and intrinsic rates. For a multitude of photo-excited mole-
cules the evolution of the system is not only a sequence of consecutive steps (e.g.,
A—B—C) but branching to different (final) products occurs. An often encountered and well
studied example is the branching between fluorescence, internal conversion and intersystem
crossing after excitation of a molecule. Although these processes posses differing intrinsic
rates kg, kjc and kjgc, all three obey the same temporal dynamics with a rate k;; = kg + kjc +
kisc. However, the individual rates determine the overall quantum yield of fluorescence @y,

internal conversion @ and intersystem crossing ®qc [42]:

k¢ _ k¢ k Kisc

Dy = = , D= D= (2.18)
ke +kic+kise  Kior

Therefore, if a quantum yield (e.g., @) and the total rate k;,; is known, one readily ob-
tains the corresponding intrinsic rate (here ky) according to ky= ®¢ k. This approach can be
generalized for any situation where branching occurs and ki and the yield @ of a specific

process are known.

Competition between geminate recombination and diffusional separation. Immediately
after photolysis of a molecule A-B in solution the two generated photofragments are in close
vicinity [A'B] and they can recombine to reform the precursor (see Section 3.4 and 3.5 for
two examples). This is possible as long as the two fragments are in close distance. As soon
as the separation between them is too large, the recombination becomes impossible. There-

fore, the geminate recombination competes with the escape of the fragments.
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Figure 2.6: (a) Scheme of the processes and rates involved in diffusion terminated geminate re-
combination. (b) Transient absorption signal after UV excitation of (tol)ZCH-PPh3+BF4' in ace-
tonitrile (data: grey dots, fit: red line). The pre-exponential amplitude of the escaped benzhydryl
cations A, and of geminate recombination A, can be extracted from the fit. The deviation of
the fit from the data in the first 50 ps is due to the slow cation generation.
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In transient absorption data this manifests as a partial decay of the detected fragment ab-
sorption signal with a rate constant k;; and a remaining pedestal which is constant or decays
slowly on a much longer time scale. A scheme of the processes is shown in Figure 2.6. The
transient absorption signal consists of the contribution of the photofragments in close dis-
tance and the one where the photofragments already escaped from each other. Since for
benzhydryl cations the absorption band is not influenced significantly by the presence or
absence of the leaving group [43] one always detects both species simultaneously.

The observed rate constant k;; is the sum of the rate for geminate recombination k.. and
the rate for escape of the two fragments k... With the pre-exponential amplitudes linked to
the geminate recombination A . (see Figure 2.6b) and to the escape of the photofragments
A one readily obtains the yield for geminate recombination Y, .. = Apee / (Apee T Agse)- BY
solving the rate model associated with Figure 2.6a one can show that the intrinsic rate con-

stants k... and k.. are given by (see Appendix B for the derivation):
Krec =Kot Yrec (2.19)
and kege = ko ( 1= Yiee ) (2.20)
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2.4 Measuring unstable compound-solvent system within short time

It is often desirable to measure a sample within a short period of time. This minimizes the
effects of long term laser power fluctuations, keeps the exposure of the sample to light small
and allows for the measurement of a multitude of samples within a short amount of time.
However, there are technical limits which impose a minimum of time needed for one meas-
urement. First, a sufficiently high number of delay times is needed spread over the time
range for reproducing the dynamics with adequate precision. The spectra at every single de-
lay then have to be averaged in order to gain a low signal-to noise ratio. Typical parameters
for a measurement up to 1.8 ns are 350 delay points which are averaged 6000 times resulting
in a sensitivity below 10 OD. With a laser repetition rate of 1 kHz this translates into a
measurement time of about one hour. Usually, the recording of one data set is split up into
three consecutive scans. This allows to recognize possible systematic deviations between the
individual scans and additionally offers redundancy. The duration of one scan is about
15 minutes.

Some of the molecules studied in this work are not stable in certain types of solvents.
Benzhydryl chloride (Ph,CHCI) decays in methanol by solvolysis with a rate of 8.33 104!
giving rise to the benzhydryl ether [44]. This implies that after 15 minutes the concentration
of the precursor Ph,CHCI is divided into halves and a large amount of the product accumu-
lates. Transient measurements on such systems therefore have to be carried out within min-
utes. This can be achieved by a modified measurement protocol. The delay times of the indi-

. . .. . h th
vidual scans are split up again into four parts. Thereby in the first run the ISt, 5' , 9' yeen

points are measured, in the second run the 2nd, 6th, IOth,... points and so on. This interleaving
scan allows for an overview over the entire measured signals already after the first run. Any
changes in the subsequent runs in the experimental conditions, such as pump pulse energy or
sample concentration, are than detected in the subsequent runs. A dedicated graph was im-
plemented in the measurement software which overlays all runs and facilitates thereby the
recognition of possible differences.

The on-line check of the sample integrity therefore even allows to measure unstable sam-
ple solutions which are on a timescale comparable to the measurement duration. The tech-
nique enabled us, for example, to record reliable transient data from the photoinduced dy-
namics of Ph,CHCI in methanol, a system which was not accessible for ultrafast spectros-

copy before.
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2.5 Sample exchange techniques

Flow Cells in Transient Absorption Spectroscopy. Transient absorption spectroscopy of
molecules in solution requires the continuous replacement of the pumped sample volume,
mainly in order to avoid photodegradation and accumulation of photoproducts. Usually a
custom-made flow cell was used which is described in detail in Ref. [34]. In brief, the design
of the cell is optimized to minimize the optical path length through dispersing material,
namely the windows and the solution. The pump and probe pulses have to pass two 200 um
thick fused silica windows and the solution layer of about 120 um. The small amount of dis-
persive material provides that the chirp introduced to the pulses is small. The thin solution
layer furthermore ensures that the group velocity mismatch (GVM) between pump and probe
pulse [35] remains on a small level. Both — the chirp of the pulses and the GVM — should be
as small as possible for a high temporal resolution. The short optical path length through
dispersive material additionally provides that non-linear interactions between pump and
probe pulse in the material such as two-photon absorption, stimulated Raman amplification

and cross-phase modulation [29] are kept on a small level.
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Figure 2.7: a) Influence of the flow cell windows on the measured early signal. Observed signal
of PhZCHPPh3+BF4_ in CH,Cl, at 329 nm after UV excitation (black) compared to the signal
measured in an empty flow cell (blue). b) Comparison of the transient signals at 329 nm after UV
excitation of Ph,CHCI in CH3CN around time-zero in the flow cell (black) and the liquid jet (pur-
ple). The signal of neat CH3CN in the liquid jet is shown in blue.

These interactions lead to signal contributions within 100 fs to 150 fs around time-zero

masking the earliest dynamics of photo-initiated processes (see Figure 2.7). Particularly dis-

25



2. Ultrafast, quantitative transient absorption spectroscopy

turbing are negative absorption changes since they are hardly distinguishable from ultrafast
signal rises (T = 100 fs) originating from the molecule. Hereby, the major part of the negative
signal contributions seems to stem from the flow cell windows (see Figure 2.7a). However,
the achievable time resolution with flow cells of ~70 fs over the entire detection window is

suitable to study the major part of the dynamics of the molecules studied in this work.

o~ pump-probe
experiment

reservoir

flow pump

flow cell spectrometer

Figure 2.8: Scheme of the liquid jet setup and the concentration control. The pump-probe meas-
urement is carried out with the solution in the liquid jet. The precursor concentration increase by
solvent evaporation is quantified by an independent UV/Vis spectrophotometer and is compen-
sated by a feedback loop which controls the addition of neat solvent. Picture: The liquid jet used
in the transient experiments. The solution is colored in blue for the sake of visibility.

Liquid Jet Setup. In order to study ultrafast dynamics in the sub-100 fs range, in which the
ultrafast photo-induced bond cleavage of benzhydryl chloride is predicted to take place (see
Section 3.2) [14], the time resolution of the setup has to be improved and the spurious signal
contributions of the flow cell windows have to be removed. Therefore, a wire-guided liquid
jet was constructed as a second system which allows for the generation of even thinner solu-
tion layers as with the flow cell without any additional dispersive material to be passed by
the pulses. It consists of two stainless steel wires (150 pm diameter) in a distance of 2 to
3 mm. Between these wires a thin solution film flows downwards which is sustained by sur-
face tension (see Figure 2.8) [45-48]. The wires lead directly into a reservoir providing
minimal back reflections from the end of the layer. The thickness of the sample layer was
usually 50 um to 60 pm but it can be easily varied between 20 pm to 200 um [49]. The use
of a jet in transient absorption measurements leads to a tremendous decrease of the coherent

signal contributions compared with a flow cell (see Figure 2.7b). Especially the negative
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signals are eliminated to a large extent. A further advantage of the jet compared to the flow

cell is that precipitation of the sample on the cell windows can be avoided.

Closed-loop control of the Sample Concentration by Online Broadband Measurements. In
contrast to the flow cell the liquid jet is not a closed system — due to the open surface of the
jet and the reservoir, the solvent evaporates constantly (e.g., ethanol evaporates in the liquid
jet setup with a rate of ~ 2.1 ml/h). Without any compensation this would lead to a strong
increase in the precursor concentration making any time-dependent measurement impossible.
Therefore, a closed-loop control was developed which keeps the optical density and thereby
the concentration of the solution in the jet on a constant level [50]. The optical density is
measured in a reference flow cell by a home-made, mobile UV/Vis absorption spectropho-
tometer consisting of a fiber-coupled light source, a fiber coupled spectrometer and four off-
axis parabolic mirrors (see Figure 2.8). The light from the source, ranging spectrally from
210 nm to above 1000 nm, is collimated after the fiber output and focused into the sample
down to a diameter of ~ 400 um allowing for even smallest sample volumes to be measured.
After recollimation of the beam and coupling into the second fiber, the light is guided to the
small spectrometer where the spectrum is recorded. The use of off-axis parabolic mirrors
hereby allows for an efficient imaging of the beam free of astigmatism. For moderate optical
densities < 1.5 the UV/Vis absorption spectra measured within single seconds are compara-
ble in quality to spectra recorded within minutes with commercially available spectropho-

tometers (see Figure 2.9a).
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Figure 2.9: a) Absorption spectrum of a holmium oxide glass filter measured with a commercial
Perkin-Elmer Lambda 750 (black line) and the home-made absorption spectrophotometer (red
line). b) Stabilized optical density of indole in ethanol in the liquid jet setup at 270 nm by com-
pensation of evaporation losses through the control loop.

At the beginning of each measurement, a transmission spectrum of the neat solvent is re-
corded. A second transmission spectrum of the sample then allows for the determination of

the initial optical density. The OD at the excitation wavelength serves as set-point for the
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control loop. During a transient absorption measurement in the jet the optical density in the
reference flow cell is steadily compared with the value of the set-point. A computer con-
trolled syringe pump then adds neat solvent to the sample with a rate determined by a PID
control. This allows to keep the concentration of the sample extremely stable for several
hours (see Figure 2.9b). For a measurement of indole in ethanol in the liquid jet setup, the
maximum deviation from the initial optical density during three hours was smaller then 0.7%
compared to the mean value. The standard deviation was ~ 0.2% of the mean value.

The on-line measurement of absorption spectra during transient absorption measurements
additionally allows for the recognition of a possible change or a (photo-)degradation of the
sample: the absorption band of the molecule can undergo changes or even new absorption
bands of generated (photo-)products can arise. Both effects can be detected by absorption

spectroscopy which allows for a reliable identification of changes of the sample.
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2.6 Continuous referencing of background signals

Transient absorption spectroscopy is a sensitive method for determining small changes in the
optical properties of a sample. Typical sensitivities are on the order of AOD ~ 10% - 107,
This implicates that small systematic changes within the whole detection system (e.g., the
temperature of the CCD detector or a change in the stray light) can also lead to measurable
though undesired signal contributions. While unwanted signals which are constant or only
slowly varying are greatly suppressed by chopping the pump beam, signals which only ap-
pear when the sample is excited cannot be eliminated. There are mainly two sources of such
contributions: a) scattering of the pump beam on the surface of the flow cell and b) sponta-
neous emission (fluorescence) of the excited molecules. While scattering by the flow cell
windows is only relevant when the pump wavelength coincides with the probed detection
interval, the fluorescence is mainly independent of the excitation wavelength. The impact of
the spontaneous emission on the transient data is determined mainly by the fluorescence
quantum yield of the molecule.

Since both undesired signals do not depend on the temporal delay between pump and
probe pulse, they should in principle be constant. However, the scattered light can increase
due to aggregation of photoproducts on the flow cell windows and the fluorescence can in-
crease due to accumulation of (photo-)products with a higher fluorescence quantum yield.
Both increases can be expected to occur on a slower time scale compared to the scanning of
the time delay points. Therefore, this undesired signals do not have to be measured at every
single delay but less points are sufficient. A recording at every 10™ delay point turned out to
be a good tradeoff between a fast measurement and an efficient suppression of the undesired
signals.

The reference measurements necessary for the suppression can be implemented by intro-
ducing a shutter into the probe beam path. By closing the shutter, only the pump pulse im-
pinges on the flow cell and the sample, and the CCD camera therefore only detects (besides
the ambient light and the dark current) the scattered pump light and the fluorescence of the
sample. By virtue of the chopping of the pump pulse one obtains in total four different spec-
tra: 1.) a transmission spectrum of the probe pulse with pump, 2.) a transmission spectrum of
the probe pulse without pump, 3.) a spectrum without probe and with pump, 4.) a spectrum
without probe and pump. All four are saved separately which allows for an inspection of the

development of the undesired signals after the measurement.
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2.7 Peak shifts as sensitive probe on a solute’s geometry and environment

Spectral Shifts in Time-Resolved Measurements. The electronic transitions of molecules are
not static and unalterable but they can be changed by a diversity of effects. A prominent ex-
ample is the red or blue shift of a molecular absorption band when changing the solvent po-
larity (solvatochromism). The shift is caused by differential solvation of the ground and first
excited state of the molecule [51]. However, solvation shifts are not only visible in steady-
state absorption or fluorescence spectroscopy when the solvent is changed. They can also be
observed on ultrafast timescales when the solvent adapts to a new charge distribution.

A frequently used technique is the photo-excitation of a chromophore with a pronounced
change in the dipole moment upon excitation and a time-resolved measurement of the fluo-
rescence. The evaluation of the fluorescence peak shift then allows for a determination of
characteristic solvation times [52-55]. The same information can also be obtained by tran-
sient absorption spectroscopy by following the temporal evolution of the spectral position of
absorption bands or the stimulated emission [56,57]. However, the interpretation of the ob-
served spectral shift can be complicated due the presence of further contributions, particu-
larly vibrational relaxation [58] and dynamics of the excited state absorption.

The impact of the solvent and dynamic solvation on the transition energies highlights the
influence of the dielectric environment on a chromophore. Further changes in this environ-
ment — apart from solvent effects — should therefore also have an effect on the peak position.
A first insight into the sensitivity of absorption bands of carbocations towards changes in
their vicinity was given by Schneider et al. [43] who showed that the absorption band
(measured by steady state UV/Vis absorption spectroscopy) of persistent benzhydryl cations
in the vicinity of an anion is slightly blue shifted by about 2 nm compared to unpaired
cations. A closer inspection of Figure 2.2 reveals that the benzhydryl cation absorption band
observed after UV excitation of (tol),CH-PPh,Ph-SO5™ in dichloromethane (see) also exhib-
its a temporal change of the position. Knowledge on the vicinity of a reactant or the temporal
evolution of the distance between two reaction partners — by diffusion or a distance depend-
ent reaction — is an important aspect in the understanding of ultrafast chemical reactions.
Therefore, a consistent measure for the position of the absorption band for every measured

delay time is needed.

Parabola Fitting Algorithm. The determination of the center of gravity of the benzhydryl
cation or radical absorption band is biased by the significant spectral overlap of the two
product bands. An iterative algorithm has therefore been developed which fits a parabola to
the maximum of an absorption band. This ansatz relies on the Taylor expansion of a function

f(x) around an extremum at x, which is given by:
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F() =1 (x0 )+ 00 (g )2 0D (g 2.21)

Hereby, the linear term vanishes since the first derivative is zero at x(. Therefore, every
maximum of an observed absorption band can be — within a sufficiently small interval — well
approximated by a parabola. Any other definition of the band position leads hereby at most
to a systematic deviation which is constant for all times. The dynamics of spectral shifts is
thus not influenced by the choice of the measure for the band position and even the relative

shift amplitudes remain unchanged.
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Figure 2.10: Peak position determination for the benzhydryl cation band observed ~15 ps after
UV excitation of (tol),CH-PPh,Ph-SO3™ in dichloromethane (see Figure 2.2). (a) Iterative fit of
parabolas within a narrowing interval. The first two iterations are shown in blue and green to-
gether with the borders of the interval. The last fit and interval is shown in red. The complete
transient absorption spectrum is shown in the inset. (b) Temporal evolution of the cation peak po-
sition determined by the algorithm.

The algorithm performs an iterative fitting of a parabola to the absorption band maximum
within a dynamically adapted data interval around the maximum. In a first step a parabola is
fitted to the transient data of an sufficiently large interval comprehending the absorption
peak (see Figure 2.10a). Around the maximum of this parabola a new, smaller interval is
chosen and a second parabola is fitted to the data. This procedure is repeated with smaller

intervals until the identified peak position is independent of the size of the interval. The al-
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gorithm allows for the accurate determination of the time-dependent shift of an absorption
band maximum with an accuracy of ~ 0.1 nm

The temporal evolution of the band position can be evaluated by applying the algorithm
to the entire transient absorption data set, thus allowing to track the peak position for time
delays from below 200 fs to nanoseconds or longer (see Figure 2.10b).* It allows to track
changes in the observed solute (e.g., rearrangements) or its environment (e.g., solvation or

diffusional separation) and to indicate the time scale on which these changes occur.
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Figure 2.11: Influence of the noise amplitude on a) the deviation AA of the fitted to the nominal
peak position and b) the standard deviation for a series of 100 spectra with a Gaussian, a Lor-
entzian and a log-normal peak shape. A Gaussian-shaped spectrum (grey dots) for a signal-to-
noise ratio of 1 is shown in the inset, together with the noise-free Gaussian (black) and the parab-
ola fit (red).

Performance of the algorithm. The influence of noise on the precision of the fitted peak
position was simulated with three peak shapes often found in spectroscopy: a Gaussian, a
Lorentzian and a log-normal”® function. All three were set to have their maximum at 400 nm
and a FWHM (full width at half maximum) of 20 nm. The spacing of the wavelength axis
(~0.6 nm) was taken from the experiment. A series of 100 different spectra for each of these
three peak shapes was generated by adding white noise (see inset in Figure 2.11 for a show-

case). The ratio between the noise and the peak amplitude was varied between 0.01 and 2.

* The upper temporal limit is given by the ability to measure absorption spectra at such long delays.
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> The log-normal function is defined as f ( A ) = A-exp
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The generated spectra were fitted with the algorithm with a final data interval of 20 nm. As a
measure for the accuracy of the peak position determination the deviation AA = A —400 nm
of the mean peak position A from the nominal value of 400 nm and the standard deviation
G, were evaluated.

In Figure 2.11a the deviation AA of the fitted mean peak position from the nominal value
of 400 nm is shown. It is most notable that no significant systematic deviation is found for
all three peak shapes although a rather large fit interval was chosen. This insensitivity allows
to fit the parabola to a large part of the spectrum around the peak without biasing the result.
The standard deviation of the fitted peak position for the generated 100 spectra is shown in
Figure 2.11b. While at small noise levels the standard deviation is negligible small it rises
monotonously with the amplitude of the noise. However, even when the noise amplitude is
twice as large as the amplitude of the peak and the bare eye has already problems to recog-
nize the presence of a peak (see inset in Figure 2.11), the algorithm is able to find the maxi-

mum with a standard deviation of only a few nanometers.

Technical and Spectral Prerequisites. In order to obtain a reliable band position with sub-
nanometer precision several prerequisites (both, technical, i.e., related to the transient ab-

sorption setup, and spectral) have to be fulfilled:

e The studied absorption band has to be strong enough. The position determination for
bands with absorption changes << 1 mOD is difficult and special care has to be taken in

order to obtain sufficiently low-noise transient spectra.

e The absorption band should not be overlapped by a further evolving band. However, an
underlying broad and unstructured absorption background (e.g., many excited state ab-

sorption bands) will not change the result significantly.

e The achievable precision of the band position determination is directly linked to the
width of the absorption band.® The broader a band becomes the less defined is the fit of a

parabola on it.

e The absorption band has to be covered by a sufficiently high number of detection chan-
nels, thus increasing the stability of the fit against statistical deviations. For the benzhy-

dryl radical and cation absorption bands typically 20 to 40 points are used for the fit.

e Over one transient spectrum the noise from detection channel to detection channel
should be as small as possible. On the contrary, the variations between several spectra

are only of minor importance. Interestingly, when using CaF, white-light the signal fluc-

% It suffices if a part of the entire absorption band exhibits a sharp feature which can be fitted by a
parabola. The vibronic progression of a transition leads to such a behavior.
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tuations are highly correlated leading to a systematic increase or decrease over a large
part of the spectrum. The origin of this behavior is not yet fully understood. However, it
seems to originate from the concerted generation of different parts of the whitelight spec-

trum.

The high accuracy allows for the observation of even tiny effects on time scales ranging
from 100 fs to microseconds. In the sub-picosecond range solvation and intramolecular rear-
rangements (e.g., planarization) are dominant. Both can lead to a distinct shift of the peak
wavelength. After their completion further processes can lead to a shift of the absorption
bands. As pointed out above, the presence of an anion in the vicinity of a benzhydryl cation
blue shifts the cation absorption band by about 2 nm. Therefore, the change in the mean
cation-anion distance can be followed by the dynamic peak shift.

By analyzing the benzhydryl cation and radical peak shift after UV excitation of Ph,CHCI
in CH;CN we were able to corroborate the microscopic reaction scheme proposed by the
theoretical Marcus-Smoluchowski model. While the distance increase in the first tens of pi-
coseconds is mainly due to a efficient reaction of the sub-population in close vicinity, diffu-

sional separation becomes dominant after ~ 100 ps and finally leads to free ions and radicals.
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3. Generation and reactions of highly reactive carbocations and

carbon radicals

3.1 Photogeneration of carbocations

The generation of carbocations by photolysis of a suitable precursor is a well established
technique [12,13]. Hereby, the carbocation R is formed by photoinduced heterolytic bond
cleavage from a neutral (R-X) or charged (R-X+) precursor according to

R-X ™ RY¥+ X~ or RX' % Rt+X

with the photo-leaving group X~ or X. A wide range of precursors has been used for the car-
bocation generation, amongst others halides (e.g., R-Cl), acetates, aryl ethers and phospho-
nium salts.” Many of the generated carbocations exhibit strong, characteristic absorption
bands in the UV or visible range making them suitable candidates for spectroscopic investi-
gations [12,13].

The ultrafast generation and observation of highly reactive carbocations raises hereby
specific requirements which should be met for a broad range of applications and a reliable

evaluation of the measured data:
¢ The bond cleavage should be faster than the subsequent ultrafast process to be observed.

e The quantum yield for cation generation should be at least some percent for a suffi-

ciently high transient absorption signal.

e The yield of the geminate recombination between the carbocation and the leaving group

should be as small as possible.

¢ Ideally, the carbocation generation should not be restricted to highly polar solvents (such
as acetonitrile or 2,2,2-trifluoroethanol) but should also be viable in solvents of moderate

polarity (e.g., dichloromethane).

In this work the photogeneration and subsequent chemical reactions of a series of
benzhydryl cations ArzCHJr (Ar: Aryl) is presented. Their appearance is easily detectable
due to their strong, characteristic absorption band (typical molar absorption coefficients are
in the range of 40,000 to 100,000 L mol 'em™ [11]) in the visible (see Figure 3.1).

The reactivity of the cations is highly variable which allows for a systematic investiga-
tion. By changing the substituents on the phenyl rings of the benzhydryl cations their reactiv-
ity can be changed over 18 orders of magnitude [17,59]. The reactivity of benzhydryl cations

7 A comprehensive list of publications reporting on the photolysis of these and further precursors can
be found in J. Ammer et al. J. Am. Chem. Soc. 2012, 134, 11481.
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(or - more general - of electrophiles) is quantified by the empirical electrophilicity parameter
E (see Appendix A). Since E is a logarithmic measure, an increase of one in E leads to a ten
times higher reaction rate constant. In order to observe ultrafast reactions on the low pico- to
nanosecond scale, the studied benzhydryl cations are on the upper limit of the reactivity
scale covering more than four orders of reactivity. The benzhydryl cations investigated

within this work and their electrophilicity parameters are summarized in Table 3.1.

Table 3.1: Investigated benzhydryl cations Ar2CHJr (Ar: Aryl) and the empirical electrophilicity

parameters E.

compound abbreviation E
+
(tol),CH" 3.63
+
ol(PhYCH 443
+
Ph,CH' 5.47
+
F +
mfp(Ph)CH'  6.23
F N F N
(mfp),CH 6.87
F Y F
dfp(mfp)CH' 7.52
F
F Y F
dfp,CH" 8.02
F F
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Table 3.2: Precursors used for the photogeneration of benzhydryl cations Ar2CH+ (Ar: Aryl). The
four studied counterions (CI, Br", BF,~ and SbFg") of the phosphonium salts are not shown.

compound abbreviation
Cl
| N | N Ar,CHCI
R1/ = /\Rz
Br
| ~ | \ Ar,CHBr
R AR /\R2
AI'2CH-PPh3
T 1.
R1/ 4 /\'Rz

+
Ar,CH-P(p-Cl-C:H
| N | N 1)) (p cHa)s
AP =X >

R’ R

038 : ‘p*"; : >2
Ar,CH-DPPBS
DA
1// =X -

R R

The benzhydryl cations studied within this work were generated from different precur-
sors: benzhydryl halides, benzhydryl triarylphosphonium salts and 3-(benzhydryl-
diphenylphosphonio)benzenesulfonate (see Table 3.2 and Figure 3.1). All precursors were
excited at their first absorption band in the UV at ~270 nm for the halides and ~280 nm for
the phosphonium salts and the sulfonate (see Figure 3.1). This corresponds to a m-n* excita-

tion located on one of the aryl rings.
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Figure 3.1: (a) Structural formula and optimized geometries of benzhydryl chloride (Ph,CHCI),
the benzhydryl triphenylphosphonium cation (Ph2CH-PPh3+ without the counterion), the benzhy-
dryl radical Ph,CH® and cation thCHJr (from left to right). (b) Steady state absorption spectrum
of Ph,CHCI (orange) and PhZCH-PPh3+ (green). Transient absorption spectrum recorded 40 ps
after UV excitation of PhyCHCI in acetonitrile. Two distinct product bands associated with the
benzhydryl radical (blue) and benzhydryl cation (red) can be observed. The exact position of the
band maxima depends on the substituents and the solvent.

An often formed byproduct for the photolysis of benzhydryl cation precursors is the
benzhydryl radical. It is formed when the bond between the photo-leaving group and the
carbon atom is cleaved homolytically instead of the desired heterolytical bond cleavage. Af-
ter the cleavage, the photo-leaving group therefore possesses one electron less than after het-
erolysis and a chlorine radical C1°® or a PPh3'+ radical cation forms. The benzhydryl radical
has a characteristic absorption band deeper in the UV (typically with the maximum between
325 nm and 350 nm, see Figure 3.1c) with a molar absorption coefficient comparable to that

of the cation [11]. Generally, the formation of benzhydryl radicals greatly depends on

¢ the photo-leaving group: significantly more radicals are formed after UV excitation of
the benzhydryl chloride precursor,

e the substituents: more radicals are formed for cations with higher electrophilicity,
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¢ and the solvent: lower solvent polarity leads to more radicals.

As it is shown in Section 3.4, the benzhydryl radical / ClI radical pair can be intercon-
verted by electron transfer to a pair of benzhydryl cation / Cl anion, which makes them an

important source for carbocations.
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3.2 Delayed cation and radical formation after inertial wavepacket motion

through two conical intersections

Theoretical investigations on the potential energy surface of the excited state of benzhydryl
chloride showed that both the homolytic and the heterolytic bond cleavage pathway are ac-
cessible from the S; « S, Franck-Condon region via conical intersections [14]. Further-
more, only a small barrier of about 200 cm’ exists between the Franck-Condon region and
the potential energy surfaces leading to the bond cleavage. This provides the opportunity of
an ultrafast, femtosecond bond cleavage and a competing benzhydryl ion and radical genera-
tion.

The investigation of the femtosecond bond cleavage process is described in detail in the

following manuscript:

“Ultrafast photochemical reaction with two product channels: wavepacket motion
through two distinct conical intersections”

C. F. Sailer, N. Krebs, B. P. Fingerhut, R. de Vivie-Riedle, E. Riedle

To be submitted to Physical Review Letters.

A novel, dedicated experimental setup was developed in close collaboration with Nils Krebs
for measuring the signal evolution of the photofragments with a sub-40 fs time resolution.
This was accomplished by using two ultrashort pulses (generated in two NOPAs) as pump
and probe [60]. In order to minimize the group velocity mismatch between the two pulses
[35] and spurious signals from two-photon absorption in the solvent and in the cell windows,
the liquid jet setup was used instead of the flow cell (see Section 2.5). Simultaneously to the
transient absorption in the jet, the two-photon absorption signal in a BBO crystal was meas-
ured independently in a second pump-probe branch. This allowed for an absolute calibration
of the temporal zero-point with an accuracy << 5 fs. A precise determination of temporal
delays between the optical excitation and the appearance of product absorption signals was
therefore rendered possible.

We measured the signal evolution at the maximum wavelength of the benzhydryl cation
(~435 nm) and radical (~330 nm) absorption band after UV excitation (270 nm) of benzhy-
dryl chloride. From the observed signals it is evident that the photofragments do not appear
directly after the photoexcitation (see Figure 3.2). After the excitation the signal remains on
a stable level for several tens of femtoseconds for both benzhydryl radical and cation. Only
after a time delay of ~80 fs the benzhydryl radical signal exhibits a pronounced rise. Analo-
gously, a time delay of ~125 fs is found for the benzhydryl cation signal. The subsequent
signal rise on the hundreds of femtosecond scale can be explained in view of the planariza-
tion of the photofragments after the bond cleavage (for details see Section 3.3). The determi-

nation of the yields for homolytic and heterolytic bond cleavage (presented in Section 2.3)
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shows that 20 times more benzhydryl radicals than cations are generated when irradiating

benzhydryl chloride in acetonitrile.
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Fig 3.2: (a) Schematics of the wavepacket evolution leading to benzhydryl cations or radicals on
the potential energy surfaces. (b) Measured transient absorption signal at the absorption band of
cation and radical. A significant delay for the rise of the photoproduct absorption bands with re-
spect to the optical excitation is found.

The experimental observation of the delayed bond cleavage can be explained by the
photo-induced wavepacket dynamics on the potential energy surfaces of the precursor [14].
By the ultrafast UV excitation of the S; «— S, transition at 270 nm, a nuclear wavepacket in
the Franck-Condon region is created. The transition from the S; to a higher electronic state
leads to the observed small absorption in the first tens of femtosecond. Due to a small gradi-
ent it evolves towards longer C-Cl distances until it encounters the first conical intersection
after ~80 fs. A large part of the excited wavepacket passes through the first conical intersec-
tion to the potential energy surface which leads to homolytic bond cleavage (radical pairs).
The residual wavepacket moves towards a second conical intersection which is encountered
~120 fs after the optical excitation. After passing this intersection the wavepacket is on the
potential energy surface which leads to ion pairs (by heterolytic bond cleavage). Due to the
efficient coupling between the potential energy surfaces at the first conical intersection ho-
molysis is largely favored over heterolysis.

In contradiction to earlier expectations, the bond cleavage is not caused by two competing
stochastic processes and a consequential rate model. It can rather only be described by the
inertial motion of a wavepacket on the excited state potential energy surface and through two
distinct, successive conical intersections. The dynamics and the branching ratio between the
channels depend on the detailed position of the potential energy surfaces and the motion of

the wavepacket on these.
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3.3 Formation of the photoproduct absorption band after bond cleavage

For many solvent-precursor combinations an initial signal rise with a time constant of about
300 fs is found for both the benzhydryl radical and cation. Early studies by Peters and co-
workers assigned the early signal rise to the bond cleavage [15,61]. The reported time con-
stants of 345 fs for the radical signal rise and 833 fs for the cation correspond, however, well
to the group velocity mismatch (GVM) between pump and probe of about 350 fs and 750 fs
[35] in the used 2 mm flow cell. A molecular origin of the reported signal rise can therefore
be ruled out. Furthermore, as shown in Section 3.2, the bond cleavage process is terminated
after ~125 fs and it cannot be the origin of this signal increase. In order to understand the
generic 300 fs time constant a combined experimental and theoretical investigation was

needed which is described in

“Buildup and Decay of the Optical Absorption in the Ultrafast Photo-Generation
and Reaction of Benzhydryl Cations in Solution”

B. P. Fingerhut, C. F. Sailer, J. Ammer, E. Riedle, R. de Vivie-Riedle

Journal of Physical Chemistry A, 2012, DOI: 10.1021/jp300986t.

A model system was investigated consisting of a benzhydryl cation precursor surrounded by
eight or nine methanol molecules. The solvent molecules are arranged around the precursor
and form a hydrogen bond network upon geometry optimization of the cluster. The ultrafast
bond cleavage of the precursor is modeled by removing the leaving group artificially from
the cation and by leaving the other molecules unchanged. Thus, the newly formed cation and
the solvent molecules are still in the geometry optimized before the bond cleavage. The evo-
lution of this non-equilibrium configuration is studied by the calculation of on-the-fly mo-
lecular dynamics trajectories.

Before the bond cleavage, the four substituents bound to the central carbon atom of
benzhydryl chloride (two aryl rings, one chlorine atom and one hydrogen atom) are arranged
tetragonally. In contrast, the structure of the benzhydryl cations and radicals is almost planar
(see Figure 3.3). The planarization of the nascent benzhydryl cation can be followed by the
on the on-the-fly molecular dynamics calculations. Due to the size of the phenyl rings this
motion is rather slow. It takes several hundreds of femtoseconds until the benzhydryl cation

relaxes to its favorable geometry.
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Figure 3.3: Temporal change of the configuration of the solute and the surrounding solvent mole-
cules. Before the excitation, the precursor and the solvent molecules are in a favorable configura-
tion.® The photo-induced bond cleavage is extremely fast and does not allow for a simultaneous
rearrangement of the generated cation and the solvent shell. Only within the next hundreds of
femtosecond the cation planarizes and is fully solvated by the surrounding solvent.

Ab initio calculations show that the shape and height of the benzhydryl cation absorption
band depend on the geometry of the cation. For the initial tetragonal geometry, the S;<-S
transition, which is responsible for the characteristic benzhydryl cation absorption band
around 440 nm, is shifted to longer wavelengths and weaker compared to the planar geome-

try [62]. Instead, transitions to higher electronic states (especially S4«—S, and S5«S)) have

¥ The geometries of benzhydryl chloride and the benzhydryl cation are calculated by density functio-
nal theory (DFT) with the B3LYP functional in the gas phase. The calculations have been performed
by Dr. Igor Pugliesi.
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important contributions to the absorption signal. Upon planarization of the cation, the
S,<=S, transition shifts to the blue and increases in strength while the transitions to higher
states become less important. Only the cation with planar configuration exhibits the full,
strong absorption band as reported for example in Ref. [11]. Therefore, the geometric relaxa-
tion of the cation after the bond cleavage leads to the generic strong absorption signal in-
crease with time constants of about 300 fs. The decreasing influence of transitions to higher
electronic states leads to a simultaneous narrowing of the absorption band. As the initially
generated radicals also undergo a planarization from the tetragonal conformation, an analo-
gous behavior of the radical absorption signal can be safely expected.

The bond cleavage process causes furthermore a strong change in the dipole moment:
benzhydryl chloride exhibits a rather small dipole moment which increases significantly
when the ion pair is formed. The surrounding solvent molecules respond to this change and
start solvating the new charge distribution (see Figure 3.3). The solvation leads to a change
in the energy difference between the electronic states and thus to a spectral shift of the ab-
sorption bands (see also Section 2.7) [51]. Since, for the solvents studied within this thesis
(e.g., acetonitrile or dichloromethane), typical solvation times are on the order of several
hundreds of femtoseconds [54], a spectral shift of the benzhydryl radical and cation absorp-
tion band can be observed on this time scale. It can be determined by the algorithm described
in Section 2.7. Figure 3.4 depicts the cation peak position after photolysis of differing
benzhydryl chlorides in acetonitrile. A pronounced blue shift can be observed for all differ-
ent species in the first picosecond. The temporal evolution can be well fitted with an expo-
nential function with a time constant of about 230 to 300 fs. These values are in excellent

agreement with the published average solvation times of 260 fs for acetonitrile [54].
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Figure 3.4: Evolution of the absorption band position (black circles) for different benzhydryl ca-
tions (see Table 3.1) after photogeneration from the benzhydryl chlorides in acetonitrile. The ex-
ponential fits are shown as colored lines.
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The absorption signal increases with a time constant of 300 fs and the solvation-induced
spectral shift of the band position is observed in both benzhydryl chlorides and phosphonium
salts. However, the effects are much more pronounced for the chloride precursors. The gen-
eration of benzhydryl cations from phosphonium salts takes about 5 ps to 10 ps depending
on the substituents on the phenyl rings. It is therefore significantly slower than the subse-
quent planarization and solvation. Therefore, these effects can not be fully resolved within
these systems anymore. Furthermore, the effect of solvation is less important, since in con-
trast to the chloride the precursor is already cationic and the change in the charge distribution

is relatively small upon the bond cleavage.
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3.4 Carbocation formation through electron transfer within the radical pair

The photoexcitation and subsequent bond cleavage of benzhydryl chloride Ph,CHCI leads
predominantly to the formation of radical pairs Ph,CH® / CI°. Heterolytic bond cleavage
leading to ion pairs (thCHJr and CI") is only a minor channel. In acetonitrile the ratio be-
tween radical pair to ion pair formation is 20 to 1. This dominance of homolysis over hetero-
lysis is found for a wide range of solvent polarity: from apolar solvents like cyclohexane or
n-heptane up to polar solvents such as acetonitrile (CH;CN). The ion pair in (moderately)
polar solvents is, however, thermodynamically more stable than the radical pair: The Gibbs
free reaction energy of the electron transfer AGgy is about -1.7 €V for the Ph,CH® / C1° radi-
cal pair in acetonitrile as found from experiment [63] and theoretical calculations. In the less
polar solvent dichloromethane, the driving force is still highly exergonic (AGgy =-1.3 V).
In other words, the formation of ion pairs PhZCHJr / CI” from the radical pair Ph,CH® / CI1*
by the transfer of an electron within the radicals is energetically favorable in these solvents.
However, only in acetonitrile a significant amount on benzhydryl cations was detected on
the nanosecond time scale while in dichloromethane almost no cations were found [11].

The photo-generation and dynamics of the benzhydryl radical and cations and their sol-
vent dependence was therefore studied within a combined experimental and theoretical in-

vestigation

“A Comprehensive Microscopic Picture of the Benzhydryl Radical and Cation
Photo-Generation and Interconversion through Electron Transfer”

C. F. Sailer, S. Thallmair, B. P. Fingerhut, C. Nolte, J. Ammer, H. Mayr, R. de Vivie-
Riedle, 1. Pugliesi, E. Riedle

To be submitted to ChemPhysChem.

In Figure 3.5, the observed transient absorption after 270 nm excitation of Ph,CHCI at the
maximum wavelength of the benzhydryl cation and radical band is shown. In the first pico-
second a strong rise of the radical signal and a less pronounced rise of the cation signal due
to bond cleavage and subsequent planarization is observed (see Section 3.2 and 3.3). The
subsequent decay of the radical population and the simultaneous rise of the cation population
on the tens of picosecond scale can be assigned to the electron transfer. Since the rate of the
electron transfer kgp(r) decreases exponentially with the distance between electron donor
and acceptor’ [64] it is terminated when the distance between the benzhydryl radical and the
chlorine radical becomes too large, e.g., by diffusion. Therefore, a fraction of the radical pair

population does not undergo electron transfer and remains stable for the next nanoseconds

? Strictly speaking, the (solvent) reorganisation energy in the Marcus theory is also distance depen-
dent and leads to a correction to the purely exponential behavior.
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(see Section 3.7). In contrast, part of the cation population decays within the next hundreds
of picosecond which can be attributed to geminate recombination. Again, geminate recombi-
nation is only possible as long as the ions are in close vicinity and a sizeable fraction of the
carbocations escapes from the ClI™ and survives.
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Figure 3.5: Transient absorption (grey dots) observed after 270 nm excitation of Ph,CHCI in ace-
tonitrile at the absorption maximum of the (a) benzhydryl cation and (b) benzhydryl radical band.
The mono-exponential fit of the electron transfer dynamics of the radical is shown in blue, the
stretched-exponential fit in red. The further dynamics (e.g., planarization and geminate ion pair

recombination) are fitted with a sum of exponential functions.

Marcus-Smoluchowski model. The experimentally observed photo-induced dynamics of
benzhydryl chlorides in various solvents can be understood by the consideration of time and
distance dependent radical and ion pair population distributions Pgp(R,t) and P;p(R,t) which
are subject to diffusion and distance dependent rates and processes. The benzhydryl radical /
cation and the chlorine radical / chloride anion are modeled as spheres with radii Ryenznydryt
and R¢. R denotes the distance between the centers of the two spheres and R¢ = Ryenzhydryl
+ Ry 1s the contact distance. The evolution of a given radical and ion pair population distri-
bution and their interconversion cannot be obtained directly by the propagation of Pgp(R,t)
and Pip(R,t). Two underlying distribution functions Sgp(R,t) and S;p(R,t) have to be used
instead [65,66]:

Prp (R,t)=4nR? Sgp (R, t)exp[—Vgp (R)/kpT] (3.1)
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PIP(R,t):4TCR2 SIP(R,t)eXp[—VIP(R)/kBT] (32)

with the intrapair potentials Virp(R) and Vp(R). The potentials account for the influence of
the solvent structure and, for the case of the ion pair, the Coulomb attraction (see Appendix
C for a discussion of the individual terms). The temporal evolution of Sgp(R,t) and S;p(R,t)
is given by two coupled partial differential equations [66-68]:

0
aSRP(R,t)ZLﬁ_SRP(R,t)—kET(R)SRP(R,t) (33)
~kRE(R)Srp(R,t)-k&E (R )Sgrp (R, 1)
éSIP(I{ t)=L+SIP(R t)+kET (R)SRP(R t)exp —Li
ot ’ ’ ’ 4dnepekgT R (3.4)
~kfE (R)Sp (R, t)-k& (R)Sp (R,t)
L" is the adjoint Smoluchowski operator in spherical coordinates [68]:
1 0 0
L+:Fexp[V(R)]a—R(D(R)R2 exp[—V(R)]a—R) (3.5)

where D(R) is the mutual diffusion coefficient of the particles.

The equations 3.3 and 3.3 are coupled by the electron transfer term. It is a sink term for
the radical pairs and a source term for the ions. The factor exp [ —e2/(4neoeykpT R ):| in
the electron transfer source term in 3.4 is hereby needed for a consistent transfer from the
radical to the ion pair distribution. The rates kRP and kP account for the geminate recom-
bination of radical or ion pairs and the escape rates kRP and kP, lead to the formation of
free, unreactive photofragments.

The rate for the distance dependent electron transfer kg(R) is modeled by Marcus theory
[64]:

b3 V2 oxp _(k(R)+AGET)2
ho Jam (R )kpT 40 (R )kgT

kgr(R)=

}'exp(B(RRC )) (3.6)

with the effective electronic coupling V. and the change in Gibbs free energy AGg which
can be obtained by quantum chemical calculations. The last term describes the exponential
fall-off of the rate with increasing distance (f = 0.7 A_l). The reorganization energy A is also
distance dependent:

(R )=hiy + e’ [ ! —i){;+i—%] (3.7)

8me 0\ Cop st Ibenzhydryl  ICl

with A;, the internal reorganization energy and &, and & the relative optical and static per-

mittivity of the solvent.

51



3. Generation and reactions of highly reactive carbocations and carbon radicals

The rate for geminate recombination of the photofragments k,..(R) is assumed to fall off
exponentially with distance with a somewhat shorter range than the electron transfer [69].
Influences of the solvent structure are modeled by an effective, intrapair potential. This ac-
counts for the fact that it is more favorable for a photofragment pair to be in a distance which
corresponds to zero, one or two solvent diameters. The ion pair is additionally subject to the
Coulomb potential originating from the two opposite charges, which makes it more difficult
for the ions to separate diffusionally.

The mutual diffusion coefficient D(R) is given by:

D(R):DF[l—%exp(—R_RCH (3.8)

d solv

with the solvent diameter d, (= 3.6 A for acetonitrile [70]). D(R) corresponds to the bulk
value of the mutual diffusion coefficient Dy for large distances. At contact distance it is re-
duced to the half which accounts for the hydrodynamic effect. The particles have to force the
solvent out of the path which is more difficult when the particles are close to each other [71].

The solvation of the photofragments in the Marcus-Smoluchowski model is described by
a continuum approach. The basic assumption of this approach is that the fragments are sur-
rounded with a complete solvation shell for all fragment distances. A fully stabilizing solva-
tion shell is only formed, however, at distances large enough to accommodate a solvent
molecule between the two ions, i.e., about 4 A for acetonitrile. The formation of a solvation
shell leads to a sudden decrease of the energy of the system as the photofragments move
apart and prevents them from reencounter. We model this solvation induced barrier by the
introduction of the distance dependent escape rates k&P (R ) and k£ (R ). By the escape
rates, part of the radical and ion pairs are transferred to distributions of unreactive species.
These are also propagated by equations similar to Egs. 3.3 and 3.3 without, however, the
possibility to undergo electron transfer or geminate recombination.

Related models, based on the Smoluchowski equation and Marcus theory, have already
been used for the description of the electron transfer between statistically distributed electron
donors and acceptors in solution [66,68]. The system of equations developed within this
work constitutes a consequent evolution of these models. It allows for the theoretical model-
ing of the evolution of photolytically generated pairs from their generation to the time scale
where they are fully separated. In contrast to the previous models, arbitrary initial popula-
tions of differing species can be propagated and interconverted without restrictions of source
or sink terms. In this way, it was possible to include the electron transfer as well as radical

recombination into the calculations which was not feasible with the earlier models.
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Figure 3.6: Temporal evolution of the population distribution of a) the ion pair Ph2CH+/ CI” and
b) the radical pair Ph,CH® / CI* in acetonitrile. The shaded areas indicate distances smaller than

the contact distance R..

Population distributions. The initial distance distribution of the radical and ion pair popula-
tions is assumed to be Gaussian with the maximum near to contact distance. It comprises
species separated by one and two solvent molecules as well as pairs which are in contact (see
Figure 3.6). Similar broad distance distributions have been reported for electrons that are
photo-ejected from I” in aqueous solution [72]. Narrower initial conditions were also tested.
They led, however, to strong deviations from the observations.

The simulations show that within the first ten picoseconds, radical pairs in close vicinity
undergo electron transfer very efficiently, while radical pairs at larger distances survive with
a significantly higher probability (see Figures 3.6 and 3.7). This leads to an increase in the
mean radical separation. With advancing time, diffusion becomes increasingly important and
leads to a further separation of the radicals until — for sufficiently large distances — free radi-
cals are generated. The time-dependent distance distribution of the ion pairs reflect the con-
ditions of their formation. The ion pairs generated within the first ten picoseconds are in
close vicinity. Up to 100 ps the mean ion pair separation increases since they are generated
from radical pairs with larger separations. Only after 100 ps the diffusion is the main process

leading to a further separation of the ions and which leads to the formation of free ions.
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Figure 3.7: The three benzhydryl radical - CI® distance regimes which determine the fate of the
generated radical pairs. For small separation distances, the radical pairs undergo a very fast elec-
tron transfer giving rise to ion pairs. For large distances diffusional separation dominates and free
radicals are formed. At intermediate separations, the electron transfer competes with the diffu-

sional separation.

Comparison to the experiment. The integration of the distance dependent population distri-
butions of radical pairs Pr(R,t) and ion pairs Pj(R,t) over the distance R leads to the radical
and ion populations Pg(t) and P(t) which are proportional to the experimentally observed
absorbance of the species (see Figure 3.8). A close agreement between the simulated popula-
tions and the optical signals is found for both species from 1 ps up to the end of the meas-
urement. The deviation for times smaller than 1 ps originates from the increase in optical
signal strength due to planarization and solvation of the benzhydryl radicals and cations as
described in Section 3.3.

The resulting radical and ion populations Pr(t) and Py(t) without the inclusion of escape
rates are shown in Figure 3.8 as green dashed lines. Without the escape, the radicals undergo
a slow but lasting electron transfer up to at least 1 ns which leads to a further decrease of the
radical population. Only for even longer times a certain leveling of the radical population
occurs. Due to the longer lasting electron transfer, the cation population between about
100 ps to 1 ns is slightly higher when compared to the simulated population with escape
rates. The geminate recombination, however, becomes more efficient and leads to a pro-

nounced depletion of the cations up to tens of nanoseconds.
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Figure 3.8: Comparison of the simulated population (blue line) with the experiment (grey dots) in
dichloromethane. The simulated populations without the inclusion of a radical escape rate is

shown as green dashed line.

Microscopic model. In a classical analysis, the experimental data are interpreted by postulat-
ing distinct states and intermediates which are converted into each other with respective,
well-defined rate constants. The rate constants are then determined by fitting exponential
functions to the observed signals (Section 2.2) or by the procedure described in Section 2.3.
This approach is however a simplification of the conditions encountered in the real, micro-
scopic system. Small differences of the microscopic configuration of the system can lead to
significant changes in the rate. The experiment, however, observes always an ensemble aver-
aged rate.

In the case of the photo-induced processes of benzhydryl chlorides, the broad population
distribution P(R) of distances between the photofragments is the main reason for variations
of rates. These variations are inherently included in the microscopic simulations developed
in this work by the distance dependent rates k(R). From (quantum) chemical considerations,
the distance dependence of the electron transfer [64] or the geminate recombination [69] are
known precisely. By spatial averaging of the rate over the time-dependent spatial distribution

the experimentally observable rate is obtained:
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[K(R)P(R,t)dR
~[P(Rt)dR

k(t)

(3.9)

From the population distribution together with the distance dependent rate a new, refined
microscopic model arises. It replaces the kinetic model with defined transitions between dis-
tinguishable species by a unified description of the population evolution. The probability of

a transition, i.e., its rate, is then depending on the microscopic conditions of the system.

Stretched exponential electron transfer dynamics. The electron transfer dynamics is clearly
not exponential. Significant deviations from the measured signal results, when the electron
transfer dynamics of the radical is fitted mono-exponentially. The fit reproduces, however,
the data faithfully when a stretched exponential function is used instead (see Figure 3.5b).
The rise of the cation due to the electron transfer can be fitted with the same stretched expo-
nential function (i.e., the same time constant).

The non-exponential dynamics is caused by the broad distance distribution of radical
pairs after the bond cleavage and the distance-dependent electron transfer rate. As described
above, the radical pairs with small separations undergo electron transfer very fast and effi-
ciently. With increasing separation the electron transfer becomes slower and less efficient.
According to Eq. 3.9 this leads to a time-dependent rate and thus to a stretched-exponential
electron transfer dynamics [37]. A similar behavior was reported for the photoinduced elec-

tron transfer in a flexibly linked donor-acceptor system [39].

Peak Shifts as probe for the distance. The temporal increase of the mean separation within
the radical and ion pairs — first due to the electron transfer, then by diffusion — can also be
observed in the transient UV/Vis spectra. As was shown by Schneider et al. the position of
the benzhydryl cation absorption band maximum can be a sensitive probe for the presence of
anions [43]: A blue-shift of about two nanometers was reported for the cation absorption
band upon adding anions, attributed to the formation of ion pairs.

An analogous effect can be recognized upon evaluation of the benzhydryl radical and
cations peak position from the measured transient spectra (see Section 2.7 for the precise
evaluation of band positions). The cation absorption band undergoes an initial blue shift in
the first picoseconds (see Figure 3.9a) due to planarization and solvation after the bond
cleavage (as described in Section 3.3). Within the next 500 ps the cation absorption band
maximum shifts by about 2 nm to the red until it reaches a constant value of about 436.1 nm.
The red-shift reflects the increasing separation between the two fragments making up the ion
pair. In analogy to the findings of Schneider et al. the absorption band of the ion pair is
slightly shifted to the blue compared to the free ions.
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Figure 3.9: Experimentally observed (circles) and fitted (red line) time dependent peak position
of the benzhydryl a) cation and b) radical after photogeneration from Ph,CHCI in acetonitrile.
The range where the shift is dominated by changes in the radical and ion pair distance distribu-
tions caused by electron transfer, geminate recombination and diffusion is highlighted in light
blue. The evolution in the first 2 ps for the cation has already been shown in Figure 3.4.

The temporal evolution of the radical absorption band position is shown in Figure 3.9b.
After the initial dynamics in the first picoseconds due to solvation and relaxation, the radical
undergoes a significant blue shift within 30 ps. After a subsequent small red shift the peak
position reaches the constant value of 328.4 nm. The blue shift originates from the better
stabilization of the radical ground state upon exchange of the CI°® radical by acetonitrile

molecules.

Geminate ion pair recombination. The mayor loss channel for the generated benzhydryl
cations within the first nanosecond is geminate recombination with the CI™ in close vicinity.
Only when the separation between the two ions becomes large enough by diffusion the
cation becomes stable at least for the next hundreds of nanoseconds (see Section 3.7). How-
ever, the diffusional separation is strongly hindered by the Coulomb attraction between the
two oppositely charged ions. In moderately polar solvents (e.g., dichloromethane) the time
for an efficient separation is far too long. Therefore, nearly all of the cations present after
bond cleavage and electron transfer undergo geminate recombination within a few hundreds

of picoseconds and no cations can be detected on longer time scales (see Figure 3.10b).
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Figure 3.10: Transient absorption after 270 nm excitation of tol(Ph)CHCI in a) acetonitrile and b)
dichloromethane. The dynamics is very similar within the first 200 ps. For longer delays, the
benzhydryl cation signal in dichloromethane is quenched almost completely by geminate recom-
bination while in acetonitrile a significant fraction survives (highlighted by the red boxes, see text
for details).

Only in the highly polar acetonitrile a reasonable yield of benzhydryl cations is observed
(see Figure 3.10a). The high permittivity of the medium (g, = 35.94) provides a good shield-
ing of the charges and permits for the diffusional separation of the photofragments. Still, a
mayor part (70%) recombines since the rate for geminate recombination is higher than the
one for the escape ((198 ps)'1 vs. (456 ps)'l).

58



3. Generation and reactions of highly reactive carbocations and carbon radicals

3.5 Cation generation from phosphonium salts: The role of the counterion

The photolysis of neutral precursors (namely benzhydryl halides) is a suitable method for the
generation of series of different substituted benzhydryl cations in polar solvents [11]. How-

ever, the use of this class of precursors comes to a certain price:

¢ On the nanosecond time scale, benzhydryl cations are only observed in highly polar sol-
vents (such as acetonitrile). In less polar solvents the Coulomb attraction between the
benzhydryl cation and the anion is not sufficiently well shielded and no free ions are

formed (see Section 3.4).

e Highly electrophilic cations (e.g., (dfp)2CH+) on the nanosecond time scale can only be
generated with a quantum yield of ~1%.

e With the benzhydryl radical, a further highly reactive species is generated simultaneously

which eventually can influence the reactivity measurement with an added nucleophile.

It was already shown by Modro and coworkers that triphenylphosphonium salts can act as
precursors for the carbocation generation [73]. The use of benzhydryl phosphonium salts
Ar2CH-PAr3+ X" as precursor for the carbocation generation can lead to a significant im-
provement compared to the situation discussed above [74]. The escape of the benzhydryl
cation ArZCHJr from the neutral leaving group (PArs) should be more efficient. Furthermore,
theoretical investigations suggest that after UV excitation, an efficient pathway exists which
leads to benzhydryl cations and PAr; on the picosecond scale [75]. However, the choice of
the leaving group and the counterion can strongly influence the mechanism of the photolysis
and the obtained quantum yield of benzhydryl cations. A detailed, mechanistic investigation

is reported in:

“Photolytic Generation of Benzhydryl Cations and Radicals from Quaternary
Phosphonium Salts: How Highly Reactive Carbocations Survive Their First
Nanoseconds”

J. Ammer, C. F. Sailer, E. Riedle, H. Mayr

Journal of the American Chemical Society 134, 11481-11494 (2012).

After UV excitation (at 280 nm) of the benzhydryl phosphonium salt PhZCH—PPh3+ BF4
in acetonitrile two signal contributions are observed within the first tens of picoseconds. The
benzhydryl cation band at 435 nm which reaches its maximum within 25 ps and a broad ab-
sorption band below 400 nm which simultaneously disappears within 30 ps and which can
be assigned to the absorption of the excited state. The formation of cations is thus much

slower than for the chlorides (compare Section 3.2). This indicates that a significant potential
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energy barrier exists which hampers the evolution of the excited molecule from the Franck-
Condon region towards the cleaved photofragments [62].

The observed transient absorption data can not clarify ultimately whether the cations are
generated directly from the excited precursor by heterolytic bond cleavage or whether the
bond is cleaved homolytically and the generated radicals Ph,CH® / PPh3°+ undergo an ul-
trafast electron transfer to give rise to the benzhydryl cation and PPh; (see Figure 3.11). For
the latter process, the effective electron transfer rate between Ph,CH® / PPh3'Jr would have
to be much higher than for the Ph,CH® / CI°® radical pair (see Section 3.4). This is, however,
conceivable as — due to the photofragments size — a larger fraction of Ph,CH® / PPh3'+ com-
pared to Ph,CH® / C1°® should be formed in close contact. As the electron transfer rate falls
off exponentially with distance (see Eq. 3.6), this would lead to a significantly higher elec-
tron transfer rate, given that the rate at contact distance remains the same for both cases.
Analogously to the cations generated from the benzhydryl chloride precursor, the cations
formed by photolysis of the phosphonium salt can undergo geminate recombination with the
leaving group as long as they are not separated diffusionally.
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Figure 3.11: Photogeneration of benzhydryl cations and radicals from phosphonium salts (e.g.,
PhZCH-PPh;r CI"). The electron transfer mechanism on the right is only possible for ion pairs
with oxidizable counterions (e.g., X~ = CI” or Br").
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Influence of the counterion. We studied the influence of the counterion X~ (X~ = CI, Br’,
BF,” or SbF¢") on the photo-induced dynamics. For low precursor concentrations and high
solvent polarity, the association equilibrium between paired benzhydryl phosphonium

cations and the counterion with the free ions is clearly on the side of the free species:
[ ACH-PPhiX~| —<=—> AnCH-PPh{ + X~

The dynamics after UV excitation is therefore influenced by the counterion at the earliest on
the nanosecond time scale when diffusional encounter can take place.

The situation is different in solvents of moderate to low polarity or for high precursor
concentrations where the equilibrium is shifted towards the side of the paired ions. For the
precursor concentrations used in the transient absorption measurements (~10'3 M'l), 10% to
60% exist as ion pairs in dichloromethane.

We found no changes in the photo-induced dynamics on the femto- to low nanosecond
scale when we used BF,” or SbF¢". However, in the presence of oxidizable counterions (CI”
and Br"), we observed a competition between the aforementioned heterolytic bond cleavage
leading to benzhydryl cations and an electron transfer from the counterion to the excited pre-
cursor leading to the PhyCH-PPh;* / X° radical pair (see Figure 3.11). The radical Ph,CH-
PPh;® is not stable and undergoes bond cleavage which gives rise to the benzhydryl radical
Ph,CH® and PPhs. The thus formed Ph,CH® / PPh; / X°® pair resembles the radical pair
Ph,CH® / CI°® generated by to the homolysis of benzhydryl chlorides described in Section
3.4. Just as the latter, it can escape leading to free radicals, it can undergo electron transfer

giving rise to the ion pair or the radicals can combine.

Comparison to CI” as leaving group. The photolysis of benzhydryl phosphonium salts leads
to a significantly higher yield of benzhydryl cations on the nanosecond time scale. While for
Ph,CHCI in acetonitrile the cation quantum yield is 6%, the quantum yield for the generation
of the same cation is 18% when PhZCH-PPh;r BF,” was used as precursor (see Figure 3.12).
The difference becomes even more striking when dichloromethane is used as solvent: While
from Ph,CHCI the quantum yield for free ions is too small (<1%) to be determined with
adequate accuracy, the yield is 9% when the phosphonium salt is photolyzed. The higher
cation quantum yields in both solvents are a consequence of the higher initial cation yield"
as well as the less efficient geminate recombination: while typically ~70% of the benzhydryl
cation / CI” recombine, only ~25% of the cations undergo geminate recombination with
PPh;. This can be explained by the faster separation of the two photofragments. Although
the PPh; leaving group is larger than the CI, the escape rate is about four times higher
(~(120 ps)'1 vs. ~(450 ps) '1) due to the strongly reduced Coulomb interaction.

10 after the heterolytic bond cleavage for the phosphonium salt or the electron transfer for the chloride
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Figure 3.12: Comparison of the time-dependent quantum yield for benzhydryl cation generation
from Ph,CHCI (green) and Ph2CH-PPh3Jr BF,” (black) in acetonitrile.

Optimization of the phosphine leaving group. We achieved a further increase of the cation
quantum yield by the use of tris(para-chlorophenyl)phosphine P(p-Cl-C4H,); as leaving
group. While for the cation Ph2CHJr the increase is rather small (18% vs. 20%) it becomes
more pronounced for the more electrophilic cations: For dfpoH+ in acetonitrile the quantum
yield is more than doubled (~2% vs. 5%-8%'"). The increase can be rationalized by the
higher thermodynamic preference of the heterolytic pathway compared to the homolytic one.
Furthermore, P(p-Cl-C¢Hy)5 1s less nucleophilic than PPhy (nucleophilicity parameter N:
12.58 vs. 14.33 [76]) leading to a smaller geminate recombination yield.

" There are no published value of the molar absorption coefficient of this cation. It was estimated to
be in the range of similar benzhydryl cations.
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3.6 Relative orientation of the photofragments

The transient absorption spectra shown within this work are almost all measured with a well
defined angle between the polarization axes of pump and probe beam. This angle of ~54.7°
is commonly called ‘magic angle’ since at this configuration the signal is not influenced by
statistical rotational motions of the observed chromophores [77]. Transient data containing
such signal changes do not allow for an easy determination of the quantum yields, since the
proportionality between the concentration of a molecule and the absorbance is not valid any-
more.

However, additional information can be gained when measuring with a parallel or per-
pendicular polarization configuration. From these measurements one easily obtains the time-
dependent anisotropy [78]:

r(ht)= ﬁll(k’t)_AL(ht)
(A t)+2A, (A1)

(3.10)

with the measured absorbance at parallel polarization A or perpendicular polarization A |
at time t and wavelength A. The anisotropy is therefore positive, when the measured absorb-
ance at parallel polarization is greater than for perpendicular orientation. It becomes zero if
the two signals are equal. The temporal decay of the anisotropy is typically exponential and
yields the rotational relaxation time, i.e. the time after which the orientation of a chromo-
phore is not correlated to the initial orientation anymore [77]. In temporal or spectral regions
in which no transient absorption signal is observed (e.g., for negative delay times and in the

shown case for the spectral region above 500 nm) the anisotropy is undetermined.

Anisotropy after photo-induced bond cleavage. The anisotropy r (A,t) observed after UV
excitation of Ph,CHCI in acetonitrile is shown in Figure 3.13. Red colors indicate high ani-
sotropy, while small (or negative) anisotropy is shown in blue. After the excitation, two
spectral regions of high anisotropy are visible which coincide with the absorption bands of
benzhydryl radical and cation. The anisotropy decays within the first tens of picoseconds. In
order to obtain the rotational relaxation times, the anisotropy at the maxima of the benzhy-
dryl cation and radical absorption bands was fitted monoexponentially. We found rotational
relaxation times of 10.7 ps for the benzhydryl cation and 8.6 ps for the radical. A compara-
tive fit on the integral over the absorption bands did not lead to any significant changes in
the decay time. The slightly longer rotational relaxation time of the cation can be explained
by the stronger interactions between the cation and the solvent compared to the radical. The
polar acetonitrile molecules are attracted to the positive charge of the cation and slow down

reorientational motions.
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Figure 3.13: (a) Transient spectrum recorded after 10 ps and (b) time-dependent anisotropy r (A,t)
of PhyCHCI in acetonitrile after UV excitation. The position of the photoproduct absorption band
maxima is given by the grey dashed lines. (c) Anisotropy r(t) at the indicated absorption maxi-
mum of benzhydryl cation (blue line) and radical (green).

The rotational relaxation times of about 10 ps are rather fast. For the resorufin anion in
acetonitrile a rotational reorientation time of 34 ps is reported [79] although it is similar in
shape and only slightly larger than the benzhydryl cation. The origin of the fast rotational
relaxation is still not answered definitely. An explanation could be found in the bond cleav-
age process. Upon elongation of the C-Cl bond, the momentum is equally partitioned be-
tween the two nascent fragments and it is probable that the fragments acquire some angular
momentum as frequently observed in the gas phase [80]. The rotational motion of the cation

originating from the bond cleavage would lead to a decrease of the rotational relaxation time.

Persistent anisotropy. The anisotropy at the absorption maximum of the benzhydryl radical
decays entirely with the time constant of 8.6 ps. In contrast, the anisotropy at the maximum
of the cation band levels after the initial decay in the first tens of picoseconds (see Figure
3.13c). Between 50 ps up to the end of the measurement at about 2 ns, the cation absorption
band exhibits a constant anisotropy of about 0.035.

The origin of the persistent anisotropy of the benzhydryl cation absorption band is not
clear. A degradation of the sample solution or a change in the pump energy can be ruled out

by a further reference measurement conducted shortly after the anisotropy measurements. As
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the cation is a small chromophore, a full rotational relaxation in the low viscosity solvent
acetonitrile should occur in the detection window of ~2 ns. However, the benzhydryl is not a
single solute in an otherwise fully isotropic solvent environment but the C1™ anion creates a
preferred orientation. It is conceivable that the cation exhibits differing lifetimes depending
on its orientation towards the anion: it might be more easy for the cation to undergo gemi-
nate recombination when the central methyl carbon atom is oriented towards the anion com-
pared to an orientation where a phenyl group is next to the anion (for a discussion of diffu-
sion terminated geminate recombination see Sections 3.4 and 3.5). This would lead to a pref-
erential survival of the latter orientation and a resulting anisotropy. However, the question
arises why no back rotation to the reactive orientation is observed and why the diffusional
separation of the two photofragments with a rate of (456 ps)_l does not lead to a decay of the
anisotropy.

New dedicated experimental efforts are needed to answer this question. First, any system-
atic error inherent to the anisotropy measurement has to be ruled out. Most important is a
well defined polarization of the probe light over the whole spectral detection window. With
the aid of a reference measurement of a dye with known anisotropy the setup can be cali-
brated. A prime candidate is nile blue which shows transient signals from 300 nm up to at
least 650 nm. It exhibits a rotational relaxation time in methanol of 129 ps [81] which leads
to an entire decay of the anisotropy after ~2 ns.

The measurement of the anisotropy in dichloromethane as solvent would clarify the role
of the diffusional separation as it is negligibly compared to acetonitrile. The anisotropy of
the benzhydryl cations, when they are generated by photolysis of phosphonium salts, would
give further insight into this issue since the photo-leaving group is uncharged and the mutual

attraction of the fragments is largely decreased.

Direction of transition dipole moments. The initial value of the anisotropy r (Ag, t=0) at
the spectral position Ag of an absorption band is linked to the angle ® between the transition

dipole of the excitation towards the dipole of the detected transition [78]:
r(KB,tzo):%(3cosz®—l) (3.11)

From the initial anisotropy of the cation (r = 0.170) and that of the radical (r=0.139) one
can calculate the angle ® to be 38.3° and 41.3°. The result is in close agreement with the
theoretical values obtained from coupled cluster theory calculations (CC2, basis set: def-
SV(P)) for the detected Ds«—D, transition of the radical and the S;«S transition of the

cation of 47° [62]. The relative orientation of the dipoles is shown in Figure 3.14.
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Figure 3.14: Orientation of the transition dipole of the excitation (blue arrows) towards the de-
tected transition dipole of a) the benzhydryl radical and b) the benzhydryl cation (red arrows). The
orientation is shown within the optimized geometry of the precursor Ph,CHCI. The arrows lie all
within the plotting plane, i.e., the angles between the dipoles are not biased by the perspective.
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3.7 The fate of the photofragments

Even in solvents of rather low nucleophilicity (e.g., dichloromethane), the dynamics of the
generated free benzhydryl radicals and free cations is not finished after the diffusional sepa-
ration from the leaving group. Since both, radicals and cations, are highly reactive they can
react on the nano- to microsecond on numerous ways. The possibilities include reactions
with a chlorine radical / chloride anion after diffusional reencounter, reactions with the sol-
vent, reactions with other precursor molecules, reactions with traces of water present in the

sample or dimerization between two benzhydryl radicals which encounter by diffusion [11].
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Figure 3.15: Transient spectrum observed after 270 nm excitation of Ph,CHCI in acetonitrile
measured with the nano- to microsecond setup described in Section 2.1.

The photo-induced dynamics of Ph,CHCI in acetonitrile on the nano- to microsecond scale
1s shown in Figure 3.15 (see Section 2.1 for the experimental setup). Both, benzhydryl radi-
cal and cation, are present at the same spectral position as in the femto- to nanosecond meas-
urement. They decay completely within the first microsecond and no residual signal is found
throughout the spectrum at the end of the measurement. The absorption signal evolution of
both photofragments have to be fitted with the sum of two exponential functions. A small
part (12%) of the benzhydryl radical population decays with a time constant of 13 ns while
the major part decays with a longer time constant of 330 ns. Similarly, a smaller fraction
(26%) of the benzhydryl cations decays with a fast time constant of 15 ns, while the larger

part decays significantly slower with a time constant of 280 ns.
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3.8 Switching-off the effects of diffusion by encapsulation

The generated benzhydryl cations (and radicals) are highly reactive species which can react
with rate constants as high as (1 ps)'1 with an appropriate reaction partner (see for example
Section 3.7). The leaving groups used within this work are highly reactive nucleophiles.
Typical intrinsic rate constants for the geminate recombination after photolysis are on the
order of (200 ps)'l. If no further mechanism would be present, this would imply that after
200 ps more than 60% of the generated ion pairs had already recombined and after 1 ns
hardly any cations would be detectable anymore. However, a significant population stable
for (at least) nanoseconds is observed since the diffusion separates the two photofragments

on a comparable time scale and impedes the recombination reaction effectively.

- -y
"‘— ~~

4

@ o[ ] (b
| after 100 ps ] _10f -
£ 0.8} -inRMs . g08— =
S - —in CH;CN 1 o
£ 06 ~ 06 | 4
s 5
2 04 B
= U a 04 =
S ool 2
2 U g 0.2 | =
@© i R
0.0 0.0 |- -& -
1 L 1 L 1 " L n " L L
300 400 500 A (nm) 0 500 1000 time (ps)

Figure 3.16: Geminate recombination dynamics of benzhydryl cations and PPh; encapsulated in
a reverse micelle (in red) compared with the dynamics in bulk acetonitrile (in blue): (a) Normal-
ized transient spectra after 100 ps. (b) Normalized transient absorption at the wavelength of the

benzhydryl cation absorption band maximum. Both graphs are normalized independently.

This underlines the importance of proximity of two reaction partners for a fast, successful
reaction with a high yield. In order to get a deeper inside in a bimolecular reaction when the
diffusional separation is turned-off artificially we investigated the geminate recombination of

a benzhydryl cation with the leaving group PPh; encapsulated within a reverse micelle:
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“Encapsulation of diphenylmethyl phosphonium salts in reverse micelles: En-
hanced bimolecular reaction of the photofragments”

C. F. Sailer, R. S. Singh, J. Ammer, E. Riedle, I. Pugliesi

Chemical Physics Letters 512, 60-65 (2011).

We encapsulated (tol)zCH-PPh3+ BF, in reverse micelles (RM) filled with acetonitrile
[82,83]. The solvent outside the RMs was cyclopentane which ensured that due to the ionic
character of the precursor all precursors are located within the RMs.'? The size of the RMs
was hereby set to accommodate only one precursor.

The dynamics in the first picoseconds upon UV excitation of the precursor is very similar
to the one observed in bulk acetonitrile (as shown in Section 3.5): The characteristic absorp-
tion band of the benzhydryl cation is fully formed indicating that the heterolytic bond cleav-
age and the subsequent geometric relaxation of the cation (as described in Section 3.3) are
not disturbed decisively by the encapsulation (see Figure 3.16a). The subsequent geminate
recombination dynamics differs, however, significantly. While in bulk acetonitrile the cation
population is only decreased during the first ~200 ps, in RMs the decay lasts considerably
longer and is not finished after 1.5 ns (see Figure 3.16b). Furthermore, a considerably larger
part of the benzhydryl cations undergoes geminate recombination when encapsulated: 55%
of the cations in RMs compared to 20% in bulk acetonitrile.

The longer lasting and more efficient geminate recombination of the encapsulated pho-
tofragments can be explained by the forced presence of the reaction partners in a reactive
conformation. The rates for escape out of this conformation (e.g., by diffusion or rotation)
and geminate recombination can be determined from the yields and dynamics (as shown in
Section 2.3) and give insight into the process. While in bulk acetonitrile the two photofrag-
ments leave the reactive conformation with a rate of (110 ps)'l, in the RMs the rate of
(1460 ps)'1 is more than one order of magnitude larger. The intrinsic rate for geminate re-
combination is also decreased from (450 ps)'1 to (1350 ps)'1 when the reaction partners are
enclosed in a reverse micelle. This can be rationalized by the lowered solvent polarity in
RMs [84] and the resulting lowered stabilization of the product (i.e., the precursor) com-
pared to the benzhydryl cation.

A part of the cations generated in RMs survive the geminate recombination and lives for
at least several nanoseconds. A possible explanation is that the photofragments rotate apart

from each other, into a meta-stable conformation in which the geminate recombination is not
likely.

2 The solubility of the phosphonium salt in neat cyclopentane is negligibly small as shown in refer-
ence steady-state absorption measurements.
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Bimolecular chemical reactions in solution typically take place between two reactants which
have to encounter by diffusion for a reaction to happen. For reactions that need many en-
counters of the reactants to overcome a barrier, the time for diffusional encounter is negligi-
ble compared to the time needed for the reaction itself. For very fast reactions on the other
hand, diffusion is the factor which determines the speed of a reaction. The second-order rate
constant is therefore limited to a value of about k, <1019M~Is~! [67,85] which translate to
several nanoseconds for the concentrations usually employed. The measured reaction rate is
thus only the time needed for the diffusional encounter of the two reactants and no insight
into the mechanism of the ultrafast bimolecular reaction itself is gained. Ultrafast spectros-
copy has therefore not been considered to any degree for the study of bimolecular reactions.
Ultrafast spectroscopy can, however, be used to measure the bimolecular reaction process

between the reactants A and B, provided that the reactants satisfy two conditions:

e The photo-generation of reactant A has to be as fast as possible. It is impossible to ob-
serve a reaction taking place in a few picoseconds, if one of the reactants is only formed
within 100 ps. The carbocation precursors presented in Section 3 — benzhydryl chlorides
and phosphonium salts — are therefore prime candidates for the study of ultrafast bimol-

ecular reactions.

e Reactant B has to be readily available for a reaction. This implies that B is located in the
immediate vicinity of the generated reactant A and no translational diffusion is needed
for an encounter. There are several ways in which this requirement can be fulfilled, such
as the encapsulation of the two compounds in a restricted environment (similar to the
system described in Section 3.8) or the favorable association of the two reactants in solu-

tion'? (as the ion pairs found in dichloromethane, see Sections 3.4 and 3.5).

The approach used in the following for the study of ultrafast bimolecular reactions is to
photo-generate one reactant in a reactive solvent [86,87]. It constitutes a versatile approach
as reactant A — in contrast to many association experiments — is always encompassed by re-
action partners and the system cannot be influenced by the auxiliary environment as in en-
capsulation experiments. Through the absence of diffusional effects, the observed decay rate

of the reactant is therefore directly linked to the solvent attack (see Figure 4.1a).

" This can also be regarded as an unimolar reaction of a complex.
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tol(Ph)CH® W
0 2 4

AOD (%)

Figure 4.1: (a) Scheme of the attack of a solvent molecule (methanol) on a benzhydryl cation.
The lone pairs of the attacking methanol are highlighted in red, the empty orbital of the cation in
blue. (b) Transient absorption observed after UV excitation of tol(Ph)CH—PPh3+BF4' in methanol.
The transient absorption spectrum after 10 ps is shown in the top panel. In the right panel, the
transient absorption at the maximum of the cations absorption band is shown.

Benzhydryl cations (ArzCH+, Ar: Aryl) can react very fast with alcohols (e.g., methanol
CH;0H) [88-90] according to:

Ar,CH' + CH;0H — Ar,CH-OCH; + H'

thus forming a benzhydryl ether and a proton which is transferred to neighboring solvent
molecules. It opens up the possibility for photogenerating benzhydryl cations in alcohols and
study the ultrafast bimolecular reaction with an alcohol molecule. Since the ether does only
absorb in the deep UV (below 280 nm) the bimolecular reaction can be tracked by recording
the decrease of the absorption band assigned to the benzhydryl cation. Figure 4.1b shows the
measured transient absorption after UV excitation of tol(Ph)CH-PPh3+BF4' in methanol. The
benzhydryl cation band appears within the first picoseconds and reaches its maximum at
about 10 ps in analogy to the photolysis of tol(Ph)CH-PPh3+BF4' in acetonitrile (see Section
3.5). Subsequently, in strong contrast to the much less reactive acetonitrile, in methanol the
cation absorption band decays completely within about 200 ps. The decay of the cation ab-
sorption band can be fitted exponentially with a rate constant of (62 ps)'l. Since the cation is
encompassed by reaction partners, the rate of (62 ps)'1 is the intrinsic rate constant for the
bimolecular reaction of a benzhydryl cation with a methanol molecule without the influence
of diffusion.
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4.1 Benzhydryl chlorides and phosphonium salts as precursors

The two leaving groups differ in two important aspects from each other: PPh; is twice as
large as C1” (Onsager radius: 5.26 A vs. 2.17 A) and it is uncharged. As the leaving group is
in the vicinity of the benzhydryl cations in the first hundreds of picoseconds, this provides
the possibility to assess the influence of the leaving group on the ultrafast bimolecular reac-
tion of a benzhydryl cation with an alcohol molecule.

For most of the studied benzhydryl cation / alcohol combinations, the cations were gener-
ated from the phosphonium salt. In contrast to the benzhydryl chlorides they do not undergo
solvolysis which makes them a suitable class of precursor. They furthermore exhibit a higher
cation quantum yield and no benzhydryl radical is formed as byproduct. However, the gen-
eration of benzhydryl cations by photolysis of the phosphonium salt is rather slow and the
maximum of the cation population in inert solvents is reached only after 10 to 25 ps. This
impedes the study of reactions with smaller time constants since the assignment of observed
rate constants to the processes of generation and reaction is not trivial anymore. Further-
more, a reaction of the cations which is faster than their generation leads to small observable
transient cation populations.

The reactions of the four most electrophilic cations in methanol have therefore been
measured with the benzhydryl chlorides as precursors. Due to the substitution with fluorine
on the aryl rings these derivatives undergo only a very slow solvolysis in methanol — from
more than 9 hours for mfp(Ph)CHCI [91] to almost 100 years for (dfp),CHCI [92]. This
leaves enough time to measure the dynamics in methanol after UV excitation. Hereby, the
first hundreds of femtoseconds are very similar to the behavior in inert, polar solvents such
as acetonitrile: By ultrafast bond cleavage mainly benzhydryl radicals are formed but a small
portion of cations appears as well. Interestingly, the electron transfer channel between the
benzhydryl radical and the chlorine radical leading to an ion pair on the tens of picoseconds
scale (as described in Section 3.4) seems to be not operational. After the initial signal in-
crease due to planarization the radical signal remains virtually unchanged over the next hun-
dreds of picoseconds. The slow characteristic solvation time of methanol and a connected
inferior stabilization of the cation could be a reason for the absence of the electron transfer in
the polar methanol: while the mean solvation time (t) in acetonitrile is 0.26 ps, it is almost
20 times longer in methanol ({t) = 5.0 ps) [54].

The benzhydryl cation mfp(Ph)CHJr has been generated from the benzhydryl chloride
mfp(Ph)CHCI as well as from the phosphonium salt mfp(Ph)CH-PPh3+BF4'. The rate con-
stant of the subsequent reaction with methanol was hereby unaffected from the choice of the
precursor: for the cations generated from mfp(Ph)CHCI a rate constant of (21.2 ps)'1 was

-1 .
found whereas the rate constant was (21.6 ps) when the cation was generated from
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mfp(Ph)CH-PPh3+BF4'. A significant influence of the photo-leaving group on the rate con-

stant of the reaction can therefore be ruled out.
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4.2 Variation of the alcohol

The bimolecular reaction of photogenerated benzhydryl cations with a series of different
alcohols was investigated: methanol, ethanol, 1-propanol and 2-propanol. As the solubility
of the benzhydryl cation precursor strongly decreases with the length of the alcohol it was
not possible to measure reactions with longer alcohols (e.g., 1-butanol). Figure 4.2 shows the
transient absorption of the photogenerated benzhydryl cation rnfp(Ph)CH+ in different alco-
hols. A significant, systematic increase of the reaction rate is observed with decreasing
length of the alcohol (see Table 4.1): from (62 ps)'1 for the reaction with 1-propanol to
(22 ps)'1 in methanol. This trend is observed for all studied cations. Furthermore, for all
studied benzhydryl cations the reaction with the secondary alcohol 2-propanol is slower than

with the corresponding primary alcohol 1-propanol.
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Figure 4.2: Transient absorption of the photogenerated benzhydryl cation mfp(Ph)CH in differ-
ent alcohols. The complete decay on the tens to hundreds picosecond scale is assigned to the bi-
molecular reaction of the cation with the alcohol. The first-order rate constant is indicated. The

coherent signal contribution (see Section 2.5) around time zero has been subtracted.
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4.3 Increasing the electrophilicity of the carbocation

The electrophilicity, and therefore the reactivity, of the benzhydryl cation was varied over a
large range: from the rather stable (tol)ZCHJr up to the more than 10,000 times more electro-
philic (dfp)ZCHJr (see Table 3.1 for a list of the generated benzhydryl cations). Figure 4.3
shows the reaction of four different benzhydryl cations with methanol. The rate of the bi-
molecular reaction increases systematically with the electrophilicity (see Table 4.1). While a
relatively slow reaction with a rate of (203 ps)'1 is observed for the reaction of (tol)ZCHJr
with methanol, the reaction of (dfp)2CH+ in methanol takes place with a rate of (2.6 ps)'I!

The increasing rate constant with increasing electrophilicity is observed for all four alcohols.
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Figure 4.3: Transient absorption of photogenerated benzhydryl cations in methanol. The first-
order rate constant for the reaction is indicated. The electrophilicity of the cations increase from
top to bottom. The coherent signal contribution (see Section 2.5) around time zero has been sub-
tracted. The remaining, long-lived signal for the three fastest reactions is not due to absorption of

the cation (see text for details).
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Table 4.1: First-order time constants T (= 1/k;) in ps of the bimolecular reaction of photogener-
ated benzhydryl cations (with electrophilicity parameter E) with alcohols.

cation E methanol ethanol 1-propanol 2-propanol
(tol),CH" 3.63 203 239 271 388
tol(Ph)CH" 4.43 76 103 146 282
Ph,CH" 5.47 32 56 89 182
mfp(Ph)CH™  6.23 22 41 62 105
mfp,CH" 6.87 5.6

dfp(mfp)CH"  7.52 4.6

dfp,CH" 8.02 2.6

The absorption signals of the benzhydryl cations (mfp)zCHJr, dfp(mfp)CH+ and
(dfp)ZCHJr in methanol do not decay completely with the rate constant of the ultrafast bimol-
ecular reaction. A long-lived signal is rather observed which only decays very slowly on the
nanosecond time scale. These cations were, in contrast to the less electrophilic cations (see
above), generated by photolysis of the corresponding benzhydryl chloride. A thorough in-
spection of the absorption spectra shows that the long-lived signal is not associated with an
absorption from the cation but can be assigned to the benzhydryl radical which still absorbs

slightly in the range of 400 nm to 500 nm.
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4.4 Comparison with reaction rates predicted from slower measurements

In the last years, much effort has been invested in the quantification of electrophilicities and
nucleophilicities of organic and inorganic compounds. Mayr and coworkers studied the reac-
tion of benzhydryl cations with hundreds of nucleophiles on timescales up to a few nanosec-
onds and were thus able to construct the most wide-spanning linear free energy relationship

(see Ref. [59] and literature therein). The relationship
logk, =s'(N+E) 4.1)

connects the second-order rate constant of a reaction k, (in units of M s™) with the nucleo-
philicity N and electrophilicity E of the reagents (see Appendix A for a discussion) [19,90].
The slope parameter s is furthermore needed for the characterization of a nucleophile and is
usually close to unity. This linear dependency (Eq. 4.1) of the logarithm of the rate constant
on the nucleophilicity as well as the electrophilicity holds over a large range of timescales.
However, for rate constants k, > 10° M s™! deviations from the linear relationship are ob-
served due to the increasing influence of the time needed for diffusional encounter and for
k, > 10" M s the reaction is diffusion-controlled [59,85].

With a small modification the relationship Eq. 4.1 still holds when the reaction takes

place with a nucleophilic solvent (e.g., an alcohol) [90]:
logky =s'(N; +E) (4.2)

The equation now gives the first-order rate constant k; (in units of s_l). While the electro-
philicity parameter E is the same as for Eq. 4.2, the nucleophilicity parameter N; deviates
from the definition given above. However, the two parameters can be easily interconverted
(see Appendix A).

For a given nucleophilic solvent (i.e., an alcohol), the logarithm of the determined rate
constants log k; for the reaction with an electrophilic benzhydryl cation should, therefore, all
be on a straight line. In Figure 4.4 the rate constants for the reaction of four alcohols with
differing benzhydryl cations are shown. The experimentally determined rate constants with
log k; <8 are taken from Refs. [90,93,94] and unpublished work by Johannes Ammer. The
electrophilicity — and therefore the reactivity — of the benzhydryl cations is varied here over
more than 18 orders of magnitude and the rate constant spans a range from (5 rnin)_1 up to
(2.6 ps)_l! Four different methods have been used to determine these rates: steady-state
UV/Vis spectrometry (t;, > 10 s), stopped-flow techniques (10 s > 1, > 107 s), nanosec-
ond laser flash photolysis (10'3 $> Ty > 107 s) and femtosecond transient absorption spec-

troscopy (1), < 107 s).
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Figure 4.4: Measured (circles) and predicted (Eq. 4.2, solid lines) rate constant for the bimolecu-
lar reaction between a series of benzhydryl cations with varying electrophilicity and four alcohols.
The time scale in which the reaction takes place is indicated on the right. The experimentally de-
termined rate constants with log k| <8 are taken from Refs. [90,93,94] and unpublished work by

Johannes Ammer.

Between the rates for bimolecular reactions of benzhydryl cations with alcohols published
by Mayr and coworkers and the ultrafast rate presented within this work a gap exists be-
tween k; = 3.510" s and k; = 2.510° 5™ This corresponds to a time regime between single
nanoseconds to tens of nanoseconds. Bimolecular reactions with rates lying in this range
have not been investigated in this work as the interpretation of the observed dynamics is
hampered by the simultaneous occurrence of the bimolecular reaction, the geminate recom-
bination and the diffusional separation. A possible solution could be to tackle the issue by
the Smoluchowski framework developed in Section 3.4. This could allow to assess the influ-

ence of diffusion-terminated geminate recombination on the observed decay dynamics.
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4.5 Deviation from the relationship log k; = s (N+E)

The expected linear dependence of log k; from the electrophilicity is found for rate constants
up to ky = 10° s Although the rate constant still rises with increasing electrophilicity, the
fastest reactions with k; > 10° s deviate significantly from the linear slope (see Figures 4.4
and 4.5). Furthermore, a splitting of the rates for the reactions of a given cation with differ-
ent alcohols is visible. The reaction with methanol is always the fastest, followed by ethanol,
1-propanol and 2-propanol. At a first glance, the splitting is rather surprising since no sig-
nificant differences between the rate constants for reactions with these alcohols were found
for the slower reactions (k; < 10° s'l). Figure 4.5 compares two models to describe the de-

viation of the measured reaction rates from the linear relationship.

Limiting rate model. The rate constant of a bimolecular reaction cannot rise infinitely to
increasingly higher rate constants. The ultimate limit of the rate constant is given by the time
needed for the inertial motion of the reacting molecules towards each other. This time is on
the same scale as the period of a large amplitude vibrational mode, i.e. a few hundreds of
femtoseconds. Such motions can be expected to be part of every reaction, even of the fastest

ones. The time needed for one reaction T,q,cion (= 1/Kpeaction) €an therefore be written as:
Treaction = Tcalculated T Tlimit 4.3)

with T icutated & 1/Kcalculated) the time constant of the reaction as calculated with the aid of
Eq. 4.2. The time constant 1j;,,,;; represents the process which limits the time constant of the
reaction, e.g., the inertial motion of the reactants towards each other. If the limiting process
is fast compared to the calculated time constant, then Eq. 4.2 is valid and T,.,¢ti0n = Tealculated-
Only if the calculated time is comparable or even faster than the temporal limit, the observed
reaction time constant T ..o, deviates from the calculated time constant T ,.y1ateq Obtained
from Eq. 4.2.

Alcohol molecules build a strong hydrogen bond network which slows down their transla-
tional and rotational motion significantly [95,96]. The motion of alcohol molecules towards
the benzhydryl cations at the reaction process is therefore hampered. The progression of the
rate constant k,.,.ion according to Eq. 4.3 is depicted in Figure 4.5a as solid lines for the
case of methanol, ethanol and 1-propanol as nucleophilic solvent. The temporal limit was
assumed to be the rotational relaxation time of the solvent as found from NMR studies [97]:
3.6 ps for methanol, 10.0 ps for ethanol and 22 ps for 1-propanol. While the three fastest rate
constants for methanol are well reproduced, the model overestimates significantly the other
rates. The same is true for the predicted progression of the rate constants in ethanol and 1-

propanol.
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Figure 4.5: Magnified region of Figure 4.4 showing the fastest reactions with k; > 109 s_1 and the
deviation of the measured rate constants (circles) from the linear relationship Eq. 4.2 (dashed
lines). (a) The assumption of limiting rate constants depending on the size of the alcohol (solid
lines, see text for details) can not fully reproduce the experiment. (b) Fit of the rate constants by
new, less steep straights with slope s’ (solid lines). The range of rate constants too fast for a bi-

. 13 -1 .
molecular reaction to occur (k; > 10 ~ s , see text) is grey-colored.

Linear dependency. The increase of the rate constants for the fastest reactions with
k, > 10°s™" can again all be well approximated by a linear dependency as shown in Fig-
ure 4.5b (k; in units of s_l):

logk; =s"-E + const. (4.4)

with new slope parameters s' and solvent specific constants. The slopes s' are significantly
smaller than the ones obtained for the slower reactions. Furthermore, the slopes s' depend on
the solvent: from s' = 0.43 for methanol, s' = 0.29 for ethanol, s' = 0.24 for 1-propanol to
s'=0.21 for 2-propanol.

It should be noted that Eq. 4.4 must also be limited to an interval of reaction rates. For
even higher electrophilicities, it does not describe the leveling of the rate constant due to a

limiting process, like for example the inertial motion of the reactants towards each other.

Origin of the slow-down. Although the mechanism for the slow down of the fastest bimol-
ecular reactions is not yet fully understood it can be rationalized by the following considera-
tion. With rate constants as fast as (2.6 ps)_1 a time regime is reached close to the timescale
in which molecular motions take place. The fastest reactions with methanol are hereby in the
range or even faster than the published value of 3.6 ps for the rotational relaxation of metha-
nol [97]. Since it is likely that some degree of rotation of the alcohol is needed for a success-
ful reaction to take place, the observed ultrafast reaction are already close to the fundamental
limit. The dependency of the rate constants on the length of the alcohol further reflects the
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importance of rotations for the reaction. The rate constant for the reaction with a given
benzhydryl cation significantly decreases from methanol and ethanol to 1-propanol and 2-
propanol. This is in line with the increase of the rotational relaxation times of these solvents:

3.6 ps for methanol, 10.0 ps for ethanol and 22 ps for 1-propanol [97].

Pre-association with alcohols. A possible explanation for reactions faster than the rotational
relaxation of the alcohol could be a pre-association of the precursor and the methanol before
the excitation and the resulting bond cleavage. Due to the pre-association, the generated
benzhydryl cation and the methanol might be in a favorable configuration after the bond
cleavage which allows for their ultrafast bimolecular reaction without large rotational mo-
tions, leave alone translational motion.

First experimental efforts have been made in order to clarify whether pre-association is
present under the conditions of the measurements. The reaction of benzhydryl cations in
mixtures of methanol with acetonitrile with varying ratio were studied and compared to the
result in neat methanol. The cation was hereby generated by photolysis of the phosphonium
salt. For a statistical distribution of the methanol and acetonitrile molecules one would ex-
pect that the rate constant for the reaction of the cation with methanol increases linearly with
the concentration of the alcohol. The measured rates deviate, however, slightly from this
linear relationship. The reactions are too fast for the actual methanol concentration. This is
an indication that the methanol molecules tend to be in the vicinity of the precursor and that

pre-association could be present.
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5. Conclusion and outlook

In this thesis, the photo-generation and subsequent processes and reactions of highly reactive
carbocations and carbon radicals were investigated. For the first time, a complete photo-
induced Sy 1 reaction was observed: from the photo-induced bond cleavage and relaxation of
the nascent fragment to interconversion through electron transfer and recombination back to
the precursor until the reaction with a nucleophile. The majority of the experimental results
were gained by femto- to microsecond transient absorption spectroscopy. Novel techniques
and data evaluation approaches were developed which helped to understand the reactions
and processes on a microscopic level. It furthermore turned out that the determination of
yields and quantum yields is a versatile method for deciphering photo-induced mechanisms

as it provides more information about a process than the mere indication of time constants.

Experimental and analytical techniques

The quantitative analysis of transient absorption data has been established within the frame-
work of this thesis. It provides an all-optical access to the determination of yields and quan-
tum yields of the observed processes. The evaluation requires the thorough characterization
of the pump and probe pulses as well as the knowledge of the molar absorption coefficients
of the ground state and the photo-generated species involved. It is thus especially suited for
the study of photo-induced processes in which stable or meta-stable species take part.

Many product absorption bands measured after photolysis of the presented precursors ex-
hibit a small shift of the maximum wavelength. A novel algorithm was therefore developed
which fits a parabola to a small spectral interval around the maximum. By iteratively reduc-
ing the interval and performing a new parabola fit, the position of the maximum can be
found precisely, regardless of the exact form of the absorption band. Provided that the sig-
nal-to-noise ratio of the measurement is high, the position of the band and therefore the tem-
poral peak shift can be determined with a precision better than 0.1 nm for band-widths in the
order of tens of nanometers. This high accuracy does not only allow for the evaluation of
photo-induced solvation by the solvent. It even permits to study more subtle effects arising
after the photolysis of molecules. All these processes lead to peak shifts of just a few nm.

The spectroscopy of reactive species imposes several requirements not needed for the
study of photostable compounds. The high yield with which the precursor molecules are
chemically transformed after photo-excitation and the fact that some of the studied solutions
are only stable on the order of minutes to hours demands for fast, low noise measurements
and the reliable recognition of sample degradations. A series of — active and passive — tech-
niques has therefore been established which keep the measurement time short or allow for

checks of the sample condition during the measurement. The subdivision of the delay time
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range into multiple interleaving scans hereby leads to a significant speedup and furthermore
allows for an on-line inspection of the sample integrity. The implementation of an external
steady-state UV-Vis spectrophotometer is a further step to monitor photo-induced changes of
the sample. Due to its small dimensions and high flexibility it can be incorporated into the
transient absorption setup without significant changes. The high sensitivity comparable to
commercial systems allows for the detection of even smallest changes of the sample.

The photo-induced bond cleavage in benzhydryl chlorides occurs within about 100 fs. It
therefore demands for a high temporal resolution and the precise knowledge of the absolute
time-zero of the transient absorption experiment. A dedicated setup was thus designed which
provides ultrafast temporal resolution by two-color absorption measurements and the possi-
bility to precisely determine the time-zero with the aid of a second detection branch. Both,
the pump and the probe pulses, are generated by nonlinear optical parametric amplification
yielding a sub-40 fs time resolution. For these experiments the flow cell concept was aban-
doned as the windows of the flow cell lead to spurious non-linear signal contributions and
introduce dispersion which deteriorate the high time resolution needed. A wire-guided lig-
uid-jet was built instead in which the sample was measured. It also allows for a continuous
sample exchange and provides films of the solution in optical quality with thicknesses ad-
justable between 20 pm and 200 pm. Simultaneously to the transient absorption measure-
ment in the liquid jet, a reference transient absorption signal is detected in a crystal in a fur-
ther, separate detection branch. The setup thus allows for the measurement of photo-induced
dynamics with sub-40 fs temporal resolution and a calibration accuracy of the absolute time-
zero far better than 5 fs.

The use of the liquid jet setup comes with the drawback of solvent evaporation and a re-
sulting increase of the sample concentration. As this would lead to a change of the excitation
conditions in the jet, the concentration has to be kept constant. A flow cell was therefore
introduced in the liquid jet circuit through which the optical density and thus the concentra-
tion of the sample was measured. This optical density was used as input parameter for a

closed-loop control which regulates the rate with which the solvent is replenished.

Tracking the life of carbocations and carbon radicals after their generation

Within the framework of this thesis the photolysis and subsequent processes of a series of
carbocation precursors was investigated. After UV excitation benzhydryl chloride undergoes
ultrafast bond cleavage giving rise to the ion pair benzhydryl cations / chlorine anion and the
radical pair benzhydryl radical / chlorine radical. Contrary to the classical description, the
process cannot be described by two competing rates which depopulate the excited state and
lead to radicals and cations simultaneously. Rather, a dynamical picture incorporating the
potential energy surfaces of the excited states has to be considered. The ultrafast excitation

of the molecule generates a wavepacket in the Franck-Condon region of the S; state. The
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wavepacket is accelerated from the Franck-Condon point towards longer C-Cl distance but it
remains in the shallow minimum for some tens of femtoseconds. At about 80 fs the weak
potential barrier is crossed and the major part of the wavepacket moves through a conical
intersection to the potential energy surface leading to the radical pair. The remaining part of
the wavepacket in the excited stated proceeds to a further, distinct conical intersection which
finally leads to ion pairs within about 125 fs.

About 40% of the excited benzhydryl chloride molecules undergo homolytic bond cleav-
age and ~2% undergo heterolysis. The fate of the remaining ~60% is still an open question.
Due to the short lifetime of the excited state (~100 fs) fluorescence can be ruled out. There is
also no direct pathway for internal conversion from the excited state without the passing of
the two conical intersections leading to bond cleavage. It is, however, conceivable that part
of the generated chlorine atoms are reflected by the surrounding solvent molecules and di-
rectly go back to the ground state of the starting material. An experimental observation of
this process is complicated due to the ultrafast time scale and the necessary spectral detection
range. With the recently developed whitelight ranging down to about 230 nm [98] it could be
possible, however, to detect the vibrationally hot ground state of benzhydryl chloride after
the bounce of the chlorine at the solvent.

Since the bond cleavage and the solvation occur on a similar time scale, it is likely that
the potential energy surfaces are influenced dynamically during the evolution of the
wavepacket. As the calculations available so far were performed mainly in the gas phase,
further theoretical efforts are needed to gain a deeper understanding of the solvent influence.
A possible experimental approach to directly investigate the role of the solvent on the bond
cleavage process was recently described by Kubarych and coworkers [99] within the frame-
work of vibrational Stark-effect spectroscopy. Since it allows to observe the ultrafast re-
sponse of the solvent shell to changes in the charge distribution of the solute, it could allow
to track the course of the bond cleavage process.

The bond cleavage of benzhydryl chlorides within about 100 fs is an extremely fast proc-
ess and does not allow for a full relaxation of the emerging fragments and the surrounding
solvent molecules. Immediately after the cleavage, the nascent benzhydryl cations and radi-
cals and the surrounding solvent molecules are therefore still in a similar configuration as
before the photoexcitation. Only within the next hundreds of femtoseconds the benzhydryl
moieties relax, planarize and become solvated by the solvent molecules. These processes
cause a simultaneous change of the absorption signatures of benzhydryl cations and radicals.
A strong increase of the oscillatory strength and a significant peak shift of the band is ob-
served.

It is highly likely that a similar initial behavior can be found in a wide range of systems
which undergo ultrafast bond cleavage. The breaking of a chemical bond usually causes

geometrical rearrangements of the molecular structure and influences on the absorption sig-
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natures can be safely expected. In earlier studies of the photolysis of benzhydryl chlorides
with inferior time resolution the absorption signal increase due to planarization of the nas-
cent photofragments was interpreted as the bond cleavage. This demonstrates the high poten-
tial for the misinterpretation of rearrangement processes after the bond cleavage as the
cleavage itself. In case of doubt, the assignment of optical signal changes to the bond cleav-
age process should therefore always be corroborated with additional experimental or theo-
retical evidences, e.g., quantum chemical calculations of the involved electronic states. Even
for systems in which no bond is cleaved, a similar effect can occur. The change of absorption
or emission bands after photo-excitation in the first few picoseconds are often assigned to a
generic solvation process or vibrational cooling of the solute. At least for some of the sys-
tems this could also be due to a molecular rearrangement when the ground state configura-
tion deviates from the one in the excited state.

The electron transfer from the benzhydryl radical to the chlorine radical leads to the major
part of the benzhydryl cation population observable in polar solvents on the pico- to nano-
second time scale. It is terminated as soon as the average separation between the radicals
making up a pair is too large. A large part of the temporarily generated cations, however,
cannot be observed on timescales longer than one nanosecond since they undergo an effi-
cient geminate recombination with the anionic leaving group. Again, this reaction is termi-
nated if the distance between the ions becomes too large. It turned out that a proper descrip-
tion of the found dynamics and yields can only be achieved by a microscopic description of
distance distributions of radical pairs and ion pairs which are subject to distance dependent
electron transfer and recombination rates. The possibility of processes occurring from a wide
range of configurations means a turn away from the classical modeling of such processes.
An unified description of the population dynamics emerges, with smooth transitions between
the distinct species considered in traditional descriptions.

The extremely precise peak shift determination hereby opens up a new direct experimen-
tal observable giving access to the microscopic realm of (photo-)chemical reactions. It al-
lows to track the evolution of the distance distribution of the radical pairs and ion pairs
which otherwise — if at all — would only be detectable by dedicated experiments, e.g., ul-
trafast chemical exchange spectroscopy [100]. Further applications of the peak shift evalua-
tion comprise a wide field, ranging from the observation of ultrafast intermolecular rear-
rangements [101] to solvation and vibrational cooling.

The geminate ion pair recombination was found to be the main loss channel for photo-
generated benzhydryl cations in the first hundreds of picoseconds. Only in the highly polar
acetonitrile a significant fraction of the carbocations escapes from the anion and becomes a
free ion stable at least on the nanosecond timescale. In solvents of moderate polarity nearly
all generated cations undergo recombination with the anion. This can be rationalized by the

insufficient shielding of the Coulomb attraction between the oppositely charged ions which
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does not allow for the separation of the pair needed for the formation of free ions. A substan-
tial improvement of the carbocation yield is therefore obtained when uncharged photo-
leaving groups are used instead. The photolysis of benzhydryl triarylphosphonium salts leads
to high yields on the nanosecond scale even in solvents of lower polarity.

Further insight into the geminate recombination was gained by the photolysis of benzhy-
dryl triphenylphosphonium salts encapsulated in reverse micelles. The generated photofrag-
ments are strongly restrained by the micellar environment which hinders any significant ro-
tational or translational motion. The diffusional separation is thus prevented efficiently and a
significantly higher fraction of the photofragments undergoes geminate recombination. It
furthermore allows for a more direct investigation of the reaction process without interfering
influences of the diffusion. It was shown, however, that the reaction of two encapsulated
species is not fully comparable with the same reaction occurring in solution. The encapsula-
tion can have an influence on many parameters, e.g., on the rotational relaxation times or the

dielectric constants of the solvent.

Bimolecular reactions without diffusion

The disadvantages of the encapsulation can be avoided by the photolytic generation of a re-
actant in a reactive solvent. That implies that no translational diffusion is needed for the two
reactants to encounter. The typical diffusion limit for bimolecular reaction rates of
~10"" M's™ is therefore not valid anymore. In this way it can be expected that the intrinsic
reaction rate can be measured even for highly reactive pairs. The next possible limit for the
reaction rate could be on the level of relative motions of the two partners towards each other,
namely rotations, mutual approach motions or the breakage of hydrogen bonds. Depending
on the size of the studied molecules, reaction rates even above 10" s, corresponding to
hundreds of femtoseconds, seem to be feasible.

Within this work, the ultrafast bimolecular reaction between a series photo-generated
benzhydryl cations and several alcohols was studied. The fastest observed rate constant of
(2.6 ps)_1 =3.810"" s was found for the reaction of dfpoHJr with methanol. It is thus al-
ready faster than the reported rotational relaxation time of methanol which is expected to
take place in 3.6 ps. Such fast reactions could be due to a suitable pre-association of the pre-
cursor and the methanol before the photo-induced bond cleavage so that no full rotational
motion is necessary for a successful bond formation anymore. The existence of a steering
force between the two reactive sites of the cation and methanol molecule could also be the
reason for reaction times faster then the rotational diffusion.

Depending on the substituents on the phenyl rings of the cation — determining their elec-
trophilicity — and the choice of the alcohol, the bimolecular reaction took place between
2.6 ps and several hundreds of picoseconds (corresponding to rate constants between

k= 3.810" s and 2.6:10° s_l). This series of ultrafast rate constants can be compared to
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the comprehensive work of Mayr and coworkers [90,93,94] in which they studied the reac-
tion of a large series of less electrophilic benzhydryl cations with alcohols. Due to the lower
electrophilicity all reactions took place on a time scale ranging from minutes to tens of nano-
seconds and were thus significantly slower than the rates measured within this work. The
rates k; of the slower reactions obey the linear free energy relationship log k; = s:(N; + E)
which connects k; with the empirically determined nucleophilicity of the solvent Ny and the
electrophilicity of the cation E. The relationship does not hold anymore exactly for the rates
of the ultrafast reactions. All measured rates are significantly slower than predicted by the
linear free energy relationship. It was found, however, that higher electrophilic cations un-
dergo a faster bimolecular reaction with alcohols. The order of the electrophilicity parame-
ters E determined from bimolecular reactions on much slower time scales therefore still ap-
ply in the single picosecond regime.

In contrast, the ultrafast reaction rates are now significantly influenced by the identity of
the alcohol. While for the slower reactions the rate is almost independent on the choice of
the alcohol, deviating rates are found for the ultrafast regime: The longer the alcohol the
slower the measured reaction rate. The dependency on the alcohol length indicates the rising
influence of molecular motions on the dynamics of the reaction process.

With the data presented in this work, there is no indication yet of a fundamental barrier
which limits the reaction rate. Up to now, the reaction rates were only limited by the electro-
philicity of the cations and the rather moderate nucleophilicity of alcohols. Solvents contain-
ing amine groups (e.g., primary amines R—NH,) are a prime candidate for the observation of
even faster reactions, since their nucleophilicity — determined from slower reactions — is sig-
nificantly higher than for alcohols [102,103]. However, it is likely that not all nucleophilic
amines are equally suited for ultrafast bimolecular reactions. As already shown for the reac-
tions with alcohols the size of the reactant plays a crucial role. Furthermore, attention should
be paid, that the possibly pronounced hydrogen networks are well accounted for, as these
intermolecular forces are known to slow down the rearrangements necessary for a successful
reaction [53,104].

The observed reactions of the photo-generated benzhydryl cations with alcohols still can
all be described in the framework of (photo-)Sy1-type reactions: An intermediary carboca-
tion is generated by photoexcitation and can be detected spectroscopically. It then lives for at
least a few picoseconds until it reacts with an alcohol. For even faster reactions, the forma-
tion of the cation will be on the same time scale as the reaction with the nucleophile. Then
the question arises whether the formation of the cation and the reaction should be described
as two consecutive steps or rather as one concerted process, 1.€. a (photo-)Sy2 process. This
transition between (photo-)Sy1 and (photo-)S\2 is of general interest to physical chemistry
[7,105] and might be observed directly for the first time with the newly available methods
and concepts.
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Appendix A: Reactivity scales

In the last two decades, Mayr and coworkers developed comprehensive reactivity scales
which allow to predict the rate constant of a reaction between an electrophile (e.g., a

benzhydryl cation) and a nucleophile (e.g., a chloride anion):

electrophile + nucleophile — product
Typically, second order kinetics are observed for the evolution of the concentrations

d[ product

T =k [ electrophile |[ nucleophile | (A.1)

For a large series of electrophiles and nucleophiles this second-order-rate constant k, (in

units of M} s'l) can be calculated according to [16-19]:
logk, =s(N+E) (A.2)

in which electrophiles are described by electrophilicity parameters E and nucleophiles are
described by nucleophilicity parameters N and the nucleophile-specific sensitivity parame-
ter s.'* For example, the logarithm of the rate constant of the reaction between the benzhy-
dryl cation tol,CH" (E = 3.63 [17]) and cyclopentadiene in dichloromethane (N = 2.30,
s=1.06 [19]) is log ky=1.06 - (2.30 +3.63) = 6.29 and the rate is k, = 10° M's™
~2-10°M"'s™

Often the nucleophile is employed in great excess in the solution and therefore does not
change significantly during the reaction. Then the reaction is of pseudo-first order and the

rate constant is given by

k| =k, [ nucleophile | (A.3)

and the concentration of the electrophile decays exponentially

[ electrophile | ( t ) = electrophile ] j exp ( —k;t) (A.4)

Especially, when studying reactions with the solvent (as in Section 3.7) the framework of
pseudo-first order kinetics is helpful. Since the solvent is in great excess one will always
observe a purely exponential decay with the first-order rate constant k;. Therefore, the nu-
cleophilicity parameter N; of solvents is given in literature [90] in such a way that first-order
rate constants are obtained from Eq. A.2. The ordinary N parameter (used for the determina-
tion of k,) can be obtained by subtracting the logarithm of the concentration log[nucleophile]
from Ny [90]. For neat methanol ([methanol] = 24.7 M), the ordinary N value is given by N;
—1.39.

' For a comprehensive database of nucleophilicity and electrophilicity parameters, see:
http://www.cup.lmu.de/oc/mayr/DBintro.html.
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Appendix B: Intrinsic rates for the geminate recombination

The photolysis of precursors leads to pairs of benzhydryl cations and the leaving group
which are in close vicinity. The distance between the two fragments increases with time by
diffusion. They can, however, undergo recombination as long as they are not separated dif-
fusionally. Assuming that the escape of the fragments can be described by a rate constant

ke the reaction scheme depicted in Figure B.1 can be used.

free ions

Figure B.1: Scheme of the processes after photolysis of Ph,CHCI yielding an ion pair. The ions
can either undergo recombination with a rate constant k.. or escape to give rise to free ions with

a rate Keg.

The rate equations for the initially generated ion pairs, the free ions and the pairs which

recombine can be written as:

d| ion pairs ) )
—%:(kem+krec)-[10npalrs] (B.1)
d| free ions ) .
% = K g -[ ion pairs | (B.2)
d| recombined pairs , ,
[ @ pairs =K e -[ i0n pairs | (B.3)

Integration of Eq. B.1 yields the solution for the ion pair concentration:

[ion pairs | =[ion pairs |, -exp ( —(Kese +Kyee) -t ) =[ion pairs ] -exp(—kyit) (B.4)

with the initial concentration of ion pairs [ion pairs], and the observable rate constant k;;.

The further concentrations are then given by:
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Appendix B: Intrinsic rates for the geminate recombination terminated by diffusion

[recombined pairs] =[ion pairs] % . [ 1—exp(—Kk t) ]
tot

[free ions] =[ion pairs], lliei [1-exp (ko t)]
tot

For t — o0, Eq. B.5 becomes

. . . . k
[recombined pairs] =[ion pairs] ﬁ
tot

Since the yield for geminate recombination Y is given by

[ recombined pairs |
Ygr =

[ion pairs |,

the recombination rate can be easily determined by the following relationship:

krec = ktot Yor

An analogous calculus leads to the escape rate

kesc :ktot(l_YGR )

100

(B.5)

(B.6)

(B.7)

(B.8)

(B.9)

(B.10)



Appendix C: Simulation of the observed photoinduced dynamics

In this section, the distance dependent rates needed for the simulation of the observed
photoinduced dynamics for benzhydryl chlorides are discussed and compiled. Only the abso-
lutely necessary formulas are given explicitly. A detailed description and the full mathemati-
cal framework can be found in

“A Comprehensive Microscopic Picture of the Benzhydryl Radical and Cation
Photo-Generation and Interconversion through Electron Transfer”

C. F. Sailer, B. P. Fingerhut, S. Thallmair, C. Nolte, J. Ammer, H. Mayr, R. de Vivie-
Riedle, 1. Pugliesi, E. Riedle

ChemPhysChem., to be submitted.

and the corresponding Supporting Information.

In brief, the benzhydryl radical / cation and the chlorine radical / chloride anion are as-
sumed to be spheres with radii Rye;,pydry1 @and Rep. R denotes the distance between the cen-
ters of the two spheres and R = Ryepnyaryl T Ry 1s the contact distance. The simulations
were performed with the auxiliary quantities Sgp(R,t) for the radical pairs and Sjp(R,t) for
the ion pairs. The time dependent population distributions Pgp(R,t) for the radical pairs and
Pip(R,t) for the ion pairs can be obtained by:

Prp (R, t)=47R2?Sgp (R, t)exp[-Vrp (R )/kp T] (C.1)
and Ppp (R,t)=4nR2Sp (R, t)exp[-Vp (R)/kp T] (C.2)

Vrp and Vyp are the intrapair potentials (see Figure C.1):
Vrp (R)=-In[g(R)]-kgT (C.3)

e 1
— C4
4nepeg R €4

Vip(R)=-In[g(R)]-kpT-

Vyp arises from the solvent molecules around the radical pairs which are partly ordered. This
can be described by the radial distribution function g(R) of the solvent. For the two frag-
ments it is more favorable to be in a distance which corresponds to zero, one or two solvent
diameters. The intrapair potential for the ion pairs Vp exhibits additionally the Coulomb
potential term. The involved relative static permittivity €y describes the shielding of the
charges by the solvent and leads to a decreasing influence of the Coulomb attraction with
increasing solvent polarity.

The evolution of the species is described with the following two coupled partial differen-

tial equations:

101



Appendix C: Simulation of the observed photoinduced dynamics

9 Sep (Rot)=L*Sgp (Ryt)—kpr (R)Sgp (R, 1)

ot (D.3)
“KRP(R)Sgp (R, t)—kR2 (R )Sgp (R, t)

e2 1

d
4meoegk T R } (D.4)

ESIP(R’t):L+SIP(R’t)+kET(R)SRP(Rat)eXp{_
-k (R)Sp (R, t)-kE (R)Sp(R,t)

L is the adjoint Smoluchowski operator in spherical coordinates

L+=%exp[V(R)]aiR(D(R)R2 exp[-V(R) a%j (D.5)

D(R) describes the mutual diffusion coefficient of the particles and is given by:

D(R):DF[I—%eXp(—Rd;EC)} (D.6)

It corresponds to the bulk value of the diffusion coefficient Dg for larger distances. At con-
tact distance it is reduced to the half which accounts for the hydrodynamic effect. The parti-
cles have to force the solvent out of the path which is harder when the particles are in close
to each other [71].

The electron transfer rate is described by Marcus theory:

o1 Vesz (k(R)+AGET)2

k R)=—- “exp| —
er(R)=3 4mh(R)kpT Xp[ 4%.(R)kpT

J-exp(B( R-R.))(D.7)

with Vg the effective electronic coupling and AGgt the change in Gibbs free energy. The
last term describes the exponential decrease of the electron transfer rate with distance due to
the exponential radial character of the electronic wave function of electron donor and accep-
tor [64]. The value of f was set to 0.7 A The reorganization energy is also distance de-
pendent and is given by:

A(R)=Apy + e’ ( 1 —l]-(;+i—%] (D.8)

€op st I'benzhydryl  ICl

with A;, the internal reorganization energy and &, the relative optical permittivity.

102



Appendix C: Simulation of the observed photoinduced dynamics
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Figure C.1: Distance dependent rates and parameters used in the simulations.
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Appendix C: Simulation of the observed photoinduced dynamics

The rate for recombination of both, radical pairs and ion pairs, is assumed to fall off ex-

ponentially in agreement with Ref. [69]. It is given by:
krec(R)zkgec-exp[—oc(R—Rc)] (D.9)

The value of o = 1 A was taken from Ref. [69]. The range of the recombination is there-
fore somewhat smaller than the range for the electron transfer.
The distance dependency of the escape rates of radical and ion pairs is modeled by a sig-

moid function with the 50% turning point at two solvent diameters behind contact distance:

1

Kese (R) =k -
esc( ) esc 1+exp|:—2(R_(Rc+2d301V)):|

(D.10)

Radical or ion pairs in close contact therefore do not escape, while species at larger separa-

tions escape and become unreactive with the rate k%, .
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Abstract We give a full description of a state-of-the-art
femtosecond transient spectrometer. The setup has been put
together under full consideration of all technical and con-
ceptual developments that became available in the last few
years. Particular care was taken to avoid any unneeded com-
ponents and modules.

The spectrometer is operated at 1 kHz and based on a
commercial Ti:sapphire amplifier. A noncollinear paramet-
ric amplifier and frequency doubling are used to provide
pump tuning from the UV to the NIR. A CaF, based sin-
gle filament white light allows for 290 to 720 nm probing.
The multichannel detection is operated at the full 1 kHz rate
and chopping of the pump light avoids the use of a refer-
ence channel. The resulting high detection sensitivity of bet-
ter than AOD = 10~* allows for the simultaneous recording
of the spectral features of electronic states and species with
differing transition strengths.

A prism-based polychromator is employed to avoid the
order sorting problem with the more than octave wide probe
spectrum and to enhance the throughput. Flow cells with
200 um windows and down to 120 um sample thickness re-
duce the coherent artifact and the group velocity mismatch.
This results in an overall sub-50 fs temporal resolution.
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e-mail: riedle @physik.Imu.de

Fax: +49-89-21809202

1 Introduction

The study of photophysical and photochemical processes
crosses the interest of many fields of research in physics,
chemistry and biology. Among the experimental approaches
developed for this purpose, transient absorption spectrosc-
opy has become a powerful and widely used technique. The
process investigated is triggered by exciting the molecules
with a short laser pulse. The dynamics of the electronically
excited states is then probed by a second light pulse that
monitors the photo-induced transmission changes. This con-
cept is not easily transferred to bimolecular reactions, since
the observed rate is usually limited by diffusion. Unimole-
cular processes, however, can easily proceed in the pico- or
femtosecond range.

In their early stages, ultrafast studies had to rely on the
accidental coincidence of given laser lines—mostly from
sub-ps dye lasers—with molecular absorptions, both in the
spectrum of the educt and the transient spectrum of the inter-
mediates or products. In prominent cases, this was already
sufficient for a crucial breakthrough in understanding the un-
derlying mechanisms [1]. In other situations however, a fair
amount of “chemical intuition” had to be added to resolve
any ambiguities. Ideally, however, the excitation should not
be chosen by technical constraints but according to the sam-
ple of interest. To put the analysis on solid ground, all rele-
vant transient signatures should be monitored.

The last two decades have witnessed the upgrowth of
low noise and sufficient intensity ultrafast light sources
freely tunable from the deep UV into the mid-IR. These
sources are typically pumped by amplified Ti:sapphire lasers
and are based on optical parametric amplification (OPA).
A collinear OPA together with difference frequency mix-
ing gives access to the spectral range from near-IR to mid-
IR [2-5] while a noncollinear geometry (NOPA) with the
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help of frequency doubling and sum frequency mixing al-
lows for shortest pulses from the UV to the near-IR [6-9].
This development allowed for a selective triggering of pho-
tochemical processes, thereby dramatically enlarging the
range of molecules that can be properly studied by transient
spectroscopy. The spectral width of pulses generated in a
NOPA routinely supports pulse lengths below 30 fs ensur-
ing a time resolution on the scale of molecular vibrations.

The available tunability can also be used to probe the
transient species developing from the photo-initiation by op-
tical transitions occurring at various wavelengths [10-12].
However, employing probe pulses that cover an ultrabroad
spectral range at once greatly simplifies the experiment. The
wider the probe spectrum, the more spectral signatures of
the transient species involved in a photoprocess can be mon-
itored simultaneously, which significantly facilitates the as-
signment of the underlying reaction mechanism.

Towards this goal, one approach is to use ultrabroadband
NOPA pulses that have a Fourier limit of only a few fem-
toseconds [13—15]. Combining such a probe pulse with a
narrowband NOPA excitation allows one to achieve a time
resolution in the sub-10 fs regime [16, 17] which is tailored
to the investigation of the fastest photochemical processes.

However, even ultrabroad NOPA pulses can at best ex-
tend over 200 THz corresponding to most of the visible but
not reaching down to the UV. The alternative approach to
cover a much wider range is to use supercontinua. These
are generated by focusing an ultrashort laser pulse under
proper conditions into optically nonlinear transparent media
like gases, liquids, photonic crystal fibers and solids [18].
The properties of the continua and their applicability to
transient spectroscopy depend very much on the way they
are generated. Even though time-resolved studies have been
performed using white light from liquids [19-22] or mi-
crostructured fibers [23], the great majority of reported spec-
trometers relies on supercontinua obtained from bulk mate-
rials. The latter have been shown to yield continua with a
very broad and smooth spectrum, high temporal and spatial
coherence and a very high pulse-to-pulse energy stability.
In contrast to broadband NOPA pulses, supercontinua can-
not readily be compressed to the Fourier limit. Therefore,
extra care has to be taken to reach a temporal resolution sig-
nificantly better than 100 fs in spectrometers with chirped
supercontinuum probing. For many studies this disadvan-
tage is, however, heavily outweighed by the broad probing
range [24-31].

The full potential of the broad supercontinua can best be
exploited with a multichannel detection system in contrast to
approaches where a stepwise scanning of the probe light is
employed. In the past, multichannel detection faced some
significant technical difficulties by posing high demands
on electronics and data acquisition. Commercially available
detectors were limited to read-out frequencies well below
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the typical repetition rate of the pump system of 1 kHz.
This required acquisition times of several minutes to reach
sufficient signal-to-noise ratios. Only home-built systems
were capable of real single pulse analysis at kHz repetition
rates [32—-34], however often with a rather small number of
channels. Recent advancements in detector electronics have
increased the read-out frequencies of arrays containing up to
1024 elements reliably to over 1 kHz. This development has
already found its way into first spectroscopic setups [35-38].

Besides the progress in light sources and detectors, many
additional advances have allowed transient spectrometers to
mature to highly productive scientific instruments. Over the
years, a considerable number of publications has been dedi-
cated to the description and characterization of the large va-
riety of pump-probe spectrometers. However, to the reader
of spectroscopic journals it is often unclear whether the de-
scribed setup is historically motivated or specifically built
for a certain application. Furthermore, since the spectrome-
ters are constantly improved, many of the contributions tend
to focus on the newest developments and therefore concen-
trate on selected experimental aspects. Thus, a complete de-
scription of the setup and the link between the individual
features comprising the spectrometer is often lacking.

In this paper we present a summary of all relevant con-
cepts and components that we used to build and run a state-
of-the-art femtosecond broadband pump-probe spectrome-
ter, further details can be requested from the authors. From
our experience gained over many years of activity in the
field, the essential tools are optical parametric amplifiers,
low dispersion optics and sample cells, a stable supercon-
tinuum generation combined with a high transmission poly-
chromator and a kHz multichannel detector, and last but not
least the proper software for data recording and processing.
We believe that a design based on these elements comes
closest to the realization of the following principles: tunabil-
ity of the excitation source, broad spectral coverage, sub-
50 fs time resolution, high sensitivity, efficient data acquisi-
tion and evaluation, and finally flexibility of the whole setup.
The implementation of these principles is crucial for reliable
high quality time resolved measurements and essential for a
sound analysis of the observed ultrafast molecular dynam-
ics.

2 Experimental setup
2.1 Design of the pump-probe spectrometer

In this section we give an overview of our femtosecond
pump-probe spectrometer before describing the most rele-
vant components in more detail in the following sections.
The complete schematic of our setup is shown in Fig. 1. Itis
directly linked to the actual layout on the optical table since
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Fig. 1 Layout of the pump-probe spectrometer. WG: wire-grid po-
larizer; SHG: second harmonic generation; VA: variable attenuator;
WLG: white light generation; HR800: custom-made dielectric mirror
to block the CPA fundamental

it depicts essentially all of the employed components. The
idea behind the design is on the one hand simplicity reached
by omitting redundant optics. On the other hand, we deliber-
ately keep an open layout on the optical table to facilitate the
day-to-day operation and optimization. The aim of our setup
is not to perform heroic measurements after many days of
adjustment but rather to ensure a reliable performance when
sensitive chemical samples become available.

As a light source we use a regenerative Ti:Sa amplifier
system (CPA 2001; Clark MXR) that delivers 1 mJ-pulses at
775 nm with 150 fs duration and a repetition rate of 1 kHz.
The comparatively long pulse duration ensures a stable op-
eration and still is sufficient to perform measurements with
highest temporal resolution due to the pulse shortening in
the NOPA. For the pump, a fraction of 200-250 wJ is used
to operate a two-stage noncollinearly phase-matched opti-
cal parametric amplifier (NOPA). The chirped visible output
pulses with energies of several uJ are compressed with a se-
quence of two Brewster prisms. Subsequently, a thin achro-

matic half-wave plate and a wire-grid polarizer (ProFlux™;
MOXTEK, Inc.) are used to adjust the pulse energy accord-
ing to the needs of the spectroscopic experiment. The polar-
izer is set parallel to the pump polarization and the transmis-
sion is controlled by rotating the half-wave plate. If desired,
the visible pulses can be frequency doubled in a type-I BBO
crystal. Contrary to the simple model of pump-probe spec-
troscopy, we do not change the delay of the probe pulses
but rather the pump pulses are delayed with a retro reflec-
tor mounted on a computer controlled linear stage and then
focused to the sample. This ensures the most stable opera-
tion of the probe continuum and introduces only negligible
changes in the pump focus. The polarization of the pump
beam can be set with another achromatic half-wave plate
which is placed directly before the sample. A reflection on
mirrors at a polarization deviating from horizontal or verti-
cal would turn linearly into elliptically polarized light.

As probe pulse we use the white light generated by focus-
ing roughly 1 pJ of the fundamental Ti:Sa beam into a CaF;
crystal. After passing through the sample at an external an-
gle of ~6° with respect to the pump, the probe is dispersed in
a polychromator and focused onto a multichannel detector.
A chopper wheel in the pump beam blocks every second ex-
citation pulse such that changes in the optical density (OD)
of the sample can be measured according to:

)]

AOD(A, At) = —1og<M>.

Io(A)

Here, I* and I are the transmitted probe light through the
excited and the unpumped sample. With the knowledge of
all relevant parameters like beam diameters and sample con-
centration, the AOD-signal allows for the determination of
absolute values for the photoprocesses, e.g., extinction coef-
ficients or concentrations of the transient species. Thus, the
time resolved absorption spectroscopy can not only identify,
but also quantify the processes occurring during a photore-
action.

The induced absorption changes can be followed up to
times given by the length of the delay line, in our case from
At = —0.1 ns to about 1.7 ns. For longer delays, the align-
ment of the pump beam becomes more and more difficult,
e.g., due to the divergence and the associated change of the
pump diameter and also the changing overlap with the probe
inside the sample. To record dynamics from ultrafast charge
transfer or wavepackets (<100 fs) up to slow population re-
distributions (>100 ps) within the same experiment we use
a quasi-exponential time scale for sampling. The step size is
chosen constant between —1 and 1 ps and is then linearly
increased with the delay time according to

—1+Z% fori=0...N—1,
At(i):{ + ¥ ori

. 2
1071/N fori=N...M. @
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Here, N denotes the number of points between —1 and
1 ps and M is given by the maximum delay time Afyax by
M = N(1 + log Atmax)- This time scale generates the same
number of delay points from —1 to 1 ps as between 1 and
10 ps, 10 and 100 ps, etc., respectively. If a fit routine is ap-
plied to such a data set, the dynamics on every time scale
will have equal weighting. The initially linear scan ensures
proper correction for the continuum chirp and the exponen-
tial sampling in addition minimizes the measurement time.
For an appropriate data presentation we usually add some
sparsely spaced points at negative delay times and typically
start at At = —100 ps. This also allows for better statis-
tics when analyzing the baseline in terms of sensitivity (see
Sect. 4.2).

An important consideration is the choice of the optics in
the setup. For the white light probe we only use metal coated
planar mirrors for steering and spherical mirrors rather than
lenses to avoid additional chirp. For highest throughput UV
enhanced aluminium mirrors (RAL UVE; Linos Photonics
GmbH & Co. KG') are employed. For the focusing we have
turned away from off-axis parabolic mirrors due to the unfa-
vorable surface quality of available samples. We found that
much better beam profiles and tenfold lower M2 values can
be achieved with spherical mirrors. To limit the influence
of the astigmatism we keep the reflection angles low on all
spherical mirrors by placing them in a folded geometry as
seen in Fig. 1. We have also tested the use of spherical mir-
rors off-axis in alternating planes to minimize the astigma-
tism [39]. However, for most purposes we find no need for
this implementation and believe that a slight deterioration
for example of the pump and probe foci inside the sample is
acceptable (see Sect. 2.4).

For the visible pump pulses an enhanced silver coating
(Silflex™MK II; Optics Balzers GmbH (see footnote 1)) is
a good choice since it has a very high reflectivity for the
whole range from 450 nm into the IR. For the UV pump
the enhanced aluminium mirrors provide the advantage of
broad spectral coverage. For near unity efficiency and sepa-
ration of the UV from the fundamental we use a few dielec-
tric mirrors.

In contrast to the standard approach, our spectrometer
does not include the detection of a reference beam to account
for the shot to shot fluctuations of the white light. Instead,
we exploit the high correlation between successive pulses
(see Sect. 2.3) for the normalization of the probe intensity.
This greatly simplifies the setup, since only one multichan-
nel detector needs to be implemented. As shown in Sect. 4.2,
the sensitivity still reaches excellent values beyond the 10~

Mention of vendor names and model numbers is for technical com-
munication purposes only and does not necessarily imply recommen-
dation of these units, nor does it imply that comparable units from an-
other vendor would be any less suitable for this application.
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level which is among the best reported sensitivities for fem-
tosecond spectrometers.

All software based operations connected with the spec-
trometer and the evaluation of the measurements are per-
formed with codes developed in our group utilizing the Lab-
View 8.5 (National Instruments, Inc.) platform. The mod-
ules allow the experimenter to have full visual control of all
relevant data and highly interactive handling. We find this
most important to collect reliable and reproducible molecu-
lar dynamics information and to properly interpret the raw
signals. The software is routinely adapted to the changing
needs and insights.

2.2 Ultrashort tunable excitation pulses

As mentioned in the introduction, the need to excite a large
variety of molecules at their specific electronic transitions
requires a broad tunability of the pump pulses. For true
versatility, a continuous tunability is favored over the de-
tached excitation wavelengths reached when higher har-
monic generation of the fundamental Ti:Sa output is ap-
plied [20, 25, 40—42]. Additionally, the pump pulses should
be in the sub-100 fs regime to ensure a sufficient time res-
olution for the study of ultrafast photophysical and photo-
chemical processes. Last but not least, sufficient energy has
to be available to excite a few percent of the illuminated
molecules under conditions of weak focusing.

All these requirements can be met by the use of a
NOPA which has been described in detail in previous pa-
pers [6, 7, 9]. Briefly, less than a pJ of the Ti:Sa fundamen-
tal is used for the generation of a visible seed continuum by
focusing it into a 3 mm sapphire plate. So far, in most appli-
cations a focal length of 30 mm was used, which goes back
to early work [43]. However, recently the importance of the
numerical aperture on the quality of the continuum has been
shown [44]. We observed that the use of lenses with a longer
focal length (f = 50-80 mm) yields broader continua, both
in the visible and in the IR [45] and therefore widens the
tunability of the NOPA.

For excitation pulses in the UV/Vis range, a selected por-
tion of the white light is amplified in a 1 mm thick BBO
crystal pumped by tens of pJs of the second harmonic of the
Ti:Sa beam. For better beam profiles and higher pulse en-
ergies a second amplification stage with a 2 mm BBO and
more pump energy can be employed. As shown on the right
hand side of Fig. 2, pulses ranging from 450-760 nm with
Fourier limits below 30 fs and energies of several pJs can
easily be obtained by a suitable choice of the angle of non-
collinearity between pump and seed and the phase matching
angle of the BBO [7].

The spectral width of the NOPA pulses can be tailored
depending on the specific needs of the spectroscopic experi-
ment. For instance, spectrally narrow pulses can be obtained
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by adding chirp to the white light seed without sacrificing
output power [46]. If the pump is chirped the output spectra
can be broadened to reach shorter Fourier limits down to a
few fs [13, 47, 48]. Therefore, the spectra shown in Fig. 2
are to be considered as examples for a typical pump-probe
experiment without the particular need for extremely short
or spectrally narrow pulses.

At the output of the NOPA the pulses are chirped to
roughly 130 fs [49]. However, due to the large spectral width
much shorter pulse lengths can be obtained, most easily by
the use of a fused silica prism compressor. Above 550 nm
the length of the compressor can be substantially shortened
with SF10 instead of the fused silica prisms. A very help-
ful feature shown in Fig. 1 is the use of two mirrors acting
as a retro reflector inside the prism compressor. This fold-
ing allows for a quick and easy adaptation of the length of
the compressor to a change of the NOPA center wavelength.
In this way the tunability of the NOPA can really be ex-
ploited on a day-to-day-basis requiring only minute changes
in the alignment of the whole setup. After the compression,
pulse durations below 30 fs are routinely achieved through-
out the visible. To characterize these pulses we use a com-
pact dispersion-free autocorrelator [50].

In order to extend the tunability of the NOPA into the
UV, the visible pulses are focused into a thin BBO crystal. In
contrast to the common approach we have not implemented
a second prism compressor for the UV pulses. We found
that a compression in the visible is sufficient to reach even
sub 20-fs pulses in the UV [47]. The prism compressor for
the visible is set to precompensate for the additional chirp
introduced by the SHG and the further propagation of the
pulse through the setup. For the spectra shown on the left
hand side of Fig. 2 we used a 150 um thick BBO crystal in
the SHG. This leads to an increase of the pulse length but
has the benefit of a higher conversion efficiency. Again, the
specific needs of the spectroscopic experiment can be met
by the right choice and alignment of the components in the
doubling stage. Together with the SHG, the NOPA allows
for a nearly continuous tunability of the excitation pulses
from the region of the fundamental at 750 nm down to about
240 nm.
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Fig. 2 Typical output spectra of the NOPA. The spectra below 400 nm
were obtained by second harmonic generation in a BBO crystal

2.3 Octave spanning low noise supercontinuum probe

A commonly used material for white light generation is
a sapphire crystal which is often used not only inside the
NOPA but also to generate the probe pulse [26, 51-54]. Fig-
ure 3a shows the anti-Stokes side of a sapphire continuum
obtained with the Ti:Sa fundamental at 775 nm. The spec-
troscopically useful range spans from about 420 to 720 nm.
As strong spectral modulations and temporal fluctuations
are present near the fundamental, this range is usually fil-
tered out (e.g. Calflex™X; Optics Balzers GmbH (see foot-
note 1)).

As many organic molecules have their lowest transitions
in the UV it is helpful to extend the probe to higher photon
energies. This allows, e.g., for the direct observation of the
ground state bleach. However, even for molecules with tran-
sitions in the visible it is often useful to be able to monitor
the ground state recovery of higher absorption bands since
they do not overlap with the stimulated emission or are dis-
torted by stray light from the excitation pulse.

Recently, calcium fluoride crystals were successfully em-
ployed [25, 30, 39, 55-58] to generate an ultrabroad con-
tinuum that reaches much further into the UV than the one
obtained from sapphire. As can be seen in Fig. 3a, the spec-
trum of a white light generated in a 5 mm CaF; plate extends
from 290 to 720 nm showing an almost flat plateau. The dip
at 400 nm is not a feature of the continuum but is due to the
dielectric mirror used to block the fundamental (HR800 in
Fig. 1). This custom-made mirror is specified to a high re-
flectivity at 800 nm and a high transmittance (>90%) from
300 to 700 nm.
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Fig. 3 (a) White light continua generated in CaF, and in sapphire.
The fundamental was suppressed by the HR800 mirror (CaF,) and a
Calflex X filter (sapphire). The spectra were measured with a commer-
cial fiber optic spectrometer and not corrected for its efficiency since
a similar efficiency is relevant for the broadband detector. (b) RMS
noise of the CaF, continuum evaluated for 2000 consecutive pulses
with the multichannel detector. The low frequency contributions have
been subtracted prior to the calculation of the RMS values. The shaded
area contains 90% of the points
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The spectrum of the CaF, white light corresponds to an
energy window of over 20,000 cm~!, which is more than
twice the range of the sapphire continuum. Within this win-
dow, the modulation of the absolute spectral energy density
is less than a factor of ten. In the range from 300-700 nm,
the energy density is ~10 pJ/nm and the intensity modula-
tion even decreases to a factor of three. This is considerably
better than the modulation found when the white light is gen-
erated in other materials like microstructured fibers [23, 59]
or gas cells [60—62]. The even distribution of the intensity
allows for measurements with a high dynamic range and
makes the CaF; continuum an ideal probe.

The quality of the CaF; white light strongly depends on
several experimental parameters. These include the energy
of the fundamental, the numerical aperture of the setup, the
angle of incidence on the CaF; disk, its positioning relative
to the focus along the beam and the orientation of the crystal
axes with respect to the polarization of the laser.

To adjust the energy of the Ti:Sa fundamental we use a
variable attenuator in combination with an iris whose aper-
ture is set to about 5 mm. The latter also controls the di-
ameter of the focus inside the CaF, disk. For the focusing
we use a 10 cm lens which leads to a numerical aperture
of 0.025. As described by Laimgruber et al. [37], the op-
timization of the focus position starts by placing the focus
behind the CaF; plate. Then the plate is moved towards the
focus until a stable single filament white light is obtained.
For a good performance in the UV, the intensity of the fun-
damental has to be increased till a red ring surrounding the
white light is seen on a white card. A further increase in
pump energy leads to multifilamentation with even higher
UV yield [63], however at the cost of a strongly structured
beam profile. This causes significant problems in the beam
guidance and therefore we restrict ourselves to the use of a
single filament CaF; continuum with its near Gaussian pro-
file (see Sect. 2.4).

As even CaF; plates of carefully selected quality have an
insufficient damage threshold, the crystal has to be continu-
ously moved in order to increase its lifetime. Contrary to our
early impressions the possible damage does not occur at the
surface but rather inside the bulk material. Several motion
techniques are conceivable, e.g., translation, rotation or any
combination of both. However, to maintain a linear polariza-
tion of the white light across the spectrum and over time, the
orientation of the crystal axes relative to the polarization of
the fundamental has to be kept constant [64—66]. This can
be easily achieved by an eccentric motion of the plate, i.e. a
circular translation rather than a classical rotation around the
center [37]. For an arbitrary orientation of the CaF; crystal
the white light is elliptically polarized. The complete extinc-
tion behind a polarizer is a good measure to adjust the crystal
orientation, which will then remain perfectly linear (parallel
to the horizontal pump polarization) and unchanged during
the eccentric motion.
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As a measure of the stability of the continuum we mon-
itor online the root-mean-square (RMS) of the noise at all
wavelength components of the white light using the mul-
tichannel detector described in Sect. 2.7. The RMS noise
is given by the standard deviation of the intensity distrib-
ution of the measured pulse sequence divided by its RMS
value. During the adjustment of the white light, one needs a
quick feedback for practical reasons. We therefore typically
evaluate 200 consecutive pulses corresponding to an update
rate of 5 Hz. The obtained RMS spectra are sufficient for a
daily optimization routine but this simple calculation gener-
ally overestimates the shot to shot noise.

As shown previously [45, 46], the intensity fluctuations
of kilohertz laser systems are not purely statistical but are
typically dominated by low frequency contributions. This
holds not only for the fundamental, but also for the super-
continuum or the NOPA output. The implication that con-
secutive laser pulses are strongly correlated is exploited by
the shot to shot referencing method described in Sect. 2.1.
Therefore, a reasonable measure of the relevant white light
stability is obtained when the long-term fluctuations are sub-
tracted before calculating the RMS noise. A typical result
for a CaF, continuum is shown in Fig. 3b. The RMS val-
ues lie well below 1.2% for 90% of the channels as marked
by the shaded area and only rise slightly at the edges of the
spectrum.

One should note that varying the parameters for the con-
tinuum generation leads to a changed wavelength depen-
dence of the RMS values. Different settings, e.g., of the nu-
merical aperture or the intensity of the fundamental, can be
used to optimize the stability of selected parts of the spec-
trum. For most purposes an even distribution of the RMS
values over the whole range is a good compromise.

2.4 Choice and check of the focusing geometry

For the optical excitation of the molecules only a fraction
of the NOPA output energy is used to avoid multi-photon
pump processes or saturation of the transition. In most cases
an excitation probability below 10% assures a near linear
dependence between the pump energy and the observed sig-
nal. In its simplest form the excitation probability Peyc is
the product of the photon density n,y in the focus and the
absorption cross section o of the sample molecules:

Epump In10
£ .
(he/r)-m(D/2)? ~ Na

Pexcznph'o'z 3
For a given sample with an extinction coefficient ¢ at the
excitation wavelength XA, Pexc can be tuned by changing the
focal diameter D and/or the pump energy Epump. While the
latter is adjusted by the half-wave plate/wire-grid dyad af-
ter the prism compressor, the former can be controlled by
a set of irises in the collimated part of the pump beam.
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Decreasing their apertures increases the focal diameter and
thereby lowers Pexc. Typical values used in our setup are
Epump = 80-150 nJ and D = 100-150 um with a spherical
mirror of R = —1000 mm (f = 500 mm) employed for fo-
cusing. The almost symmetric and near Gaussian beam pro-
file of the NOPA output is well preserved at the focal plane
inside the sample despite the slight astigmatism introduced
by the spherical mirrors.

For an optimal pump-probe signal the excitation den-
sity in the sample should be constant over the probe beam.
This is approximately achieved by keeping the waist of
the probe beam significantly smaller than that of the pump
beam. In our setup, the divergent probe beam after the white
light generation is recollimated by a spherical mirror with

R = —150 mm. This leads to a beam diameter of 2 mm
FWHM. The probe is then focused into the sample by a
R = —300 mm mirror resulting in a focal diameter of about

30 um FWHM. For good pump-probe signals, other combi-
nations of spherical mirrors are also feasible as long as the
ratio between pump and probe beam diameters is not too
large.

A more detailed analysis of the beam profiles at the posi-
tion of the sample reveals that the spot sizes vary for differ-
ent spectral components of the white light (see Fig. 4). To
obtain this information we placed nine different bandpass
filters with transmissions centered between 350 and 750 nm
and a FWHM of 10 nm into the white light beam. While the
beam profile of the complete white light is almost circular
at the position of the sample (inset in Fig. 4a), the profiles
of the spectral components show a moderate elliptic defor-
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Fig. 4 White light beam profile at the position of the sample: (a) di-
ameters of the probe focus in vertical (closed circles) and horizontal
(open circles) direction for different spectral components. The inset

shows the profile of the complete white light continuum. Selected pro-
files at 350 nm (b), 550 nm (c¢) and 700 nm (d)

mation. As mentioned previously, this is a consequence of
the astigmatism caused by the off-axis use of spherical mir-
rors. Since we deflect the beam in the plane parallel to the
optical table the focus in this plane lies behind the one for
the vertical plane. In the propagation direction of the beam
the profile turns from a vertical ellipse into a circle and then
into a horizontal ellipse. The data shown in Fig. 4 there-
fore indicate that the circular focal profile of the blue wave-
length components lies in front of the sample and that of
the red components behind the sample. We believe that the
wavelength dependence of the position of the focus is re-
lated to the processes involved in the white light generation
which include different beam geometries for different wave-
lengths [43, 67, 68].

2.5 Flow cell with thin windows and low sample thickness

Femtosecond pump-transient absorption probe spectroscopy
has been applied to a large variety of samples in all three
phases: solid [69-71], liquid [72, 73] and gaseous [46, 74].
However, most studies are performed in solution since this
is where the majority of the chemically and biologically rel-
evant processes take place. In order to avoid photodegrada-
tion or accumulation of photoproducts in the probed volume
it is often necessary to exchange the solution continuously,
i.e. to use flow cells instead of conventional cuvettes.

In our setup we use a custom-made flow cell which is
shown in Fig. 5. The design has been optimized to keep
the optical path length through the windows and the sam-
ple solution at a minimum. This improves significantly the
time resolution due to the decreased contribution from the
group velocity mismatch as will be discussed in more de-
tail in Sect. 4.1. In addition, the coherent artifacts produced
by nonlinear interaction of the pump and probe pulse in the
cell windows are minimized. It is no trivial task to produce
thin windows on the order of a few hundred microns that
are stable enough for everyday performance in a flow cell.

2 %200 pm

]

sample

light

Fig. 5 Scheme of the custom-made flow cell designed for low disper-
sion and a small optical path length
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To overcome this difficulty, special windows have been de-
signed in cooperation with Hellma GmbH.

Each window consists of two fused silica disks with op-
tically polished surfaces, one of 1.8 mm thickness and the
other of only 200 pm. The two disks are fused together under
clean-room conditions. The thicker disk has a drilled hole
of 2 mm diameter in the middle such that the laser pulses
propagate only through 200 um of glass for each window.
The front window has two additional holes in both disks,
which allow the sample solution to enter the space between
the front and back window. The path length can be adjusted
by a Teflon spacer of typically 120 um thickness which has
a channel of ~2 x 20 mm cut out for the sample solution.
The flow cell is held together by two stainless steel flanges
shown in black in Fig. 5. In comparison to standard absorp-
tion cells with an optical path of 1 mm and a window thick-
ness of 1.25 mm our setup represents a considerable reduc-
tion of material in the light path without sacrifice of stabil-
ity. The whole flow cell is mounted on a holder movable in
three dimensions. This facilitates the fine adjustment of the
cell position with respect to the spatial overlap of pump and
probe.

Many spectroscopically interesting chemical and biolog-
ical samples are the product of a complex synthetic route
or purification and are therefore only available in small
amounts. In order to reach suitable optical densities in the
rather small sample thickness of 120 pm high concentrations
are required. This calls for small volumina, which we assure
by using a micro annular gear pump (mzr-2921-M2; HNP
Mikrosysteme GmbH (see footnote 1)). This device allows
for flow rates up to 18 ml/min and an overall sample volume
as low as 1 ml.

2.6 High transmission prism polychromator

To exploit the full potential of the ultrabroad supercontin-
uum generated in CaF, we use a multichannel detection
scheme with a home-built prism-based polychromator as
shown in Fig. 6a. We find that this system best meets the key
requirements of an ultrafast spectrometer, namely an effec-
tive data acquisition, a simple layout providing a straight-
forward alignment and a high transmission throughout the
whole spectral range, especially in the UV.

The first two aims can be met equally well with a grating
based spectrometer like the one we used previously in our
lab (Fig. 6b). It can also be utilized as a polychromator and
the implementation does not require a significantly larger
number of optical components. A prism, however, poses sig-
nificant advantages over a grating as dispersive element.

The most important one is the high transmission through-
out the whole spectral range of the white light, especially
when used in a Brewster angle configuration. This fixes
the polarization of the probe beam and we choose to set
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Fig. 6 Design of a polychromator: (a) prism-based polychromator
used in our setups, (b) standard grating based polychromator for com-
parison. SM: spherical mirror; ND: neutral density wedge; F: optional
filters; MCD: multichannel detector

the relative polarization of pump and probe by a half-wave
plate in the pump beam (see Sect. 2.1). The high probe
transmission increases the detection sensitivity in the re-
gion around and below 300 nm where the continuum has a
low intensity. Even for highest quality gratings at their spe-
cific blaze wavelength, 10% of the incident light intensity
is lost into the zeroth and higher orders of diffraction [75].
Moreover, commercially available gratings will not cover
the complete range of the CaF, continuum with high effi-
ciency but will fade strongly towards the edges of the spec-
trum. Hence, when we replaced the grating (600 lines/mm,
ABlaze = 400 nm) with the prism-based polychromator, we
could immediately extend our detection window by ~15 nm
in the UV.

The second advantage is that prisms avoid the order sort-
ing problem, i.e. the fact that higher orders of a short wave-
length component are diffracted in the same direction as
the first order of light at twice the respective wavelength.
This is of particular importance when the continuum spans
more than one octave like the CaF; white light. Then, order
sorting filters have to be used to avoid the distorting coin-
cidence of different spectral components on the same pixel
of the multichannel detector. However, we found it virtually
impossible to purchase a commercial or custom-made filter
suitable for our application.

The third advantage of prisms over gratings is the wave-
length dependence of the dispersion. For a grating, the dis-
persion is approximately linear in wavelength leading to a
constant wavelength resolution AXA. The consequence, how-
ever, is an energy or wavenumber resolution Av that de-
creases quadratically towards the UV. A typical value of
AX =4 nm for a grating spectrometer corresponds to a res-
olution of AD = 80 cm™! at 700 nm sufficient for solu-
tion phase spectroscopy but to a rather modest resolution of
440 cm™! at 300 nm. In contrast, the dispersion of a prism is
a complex function of the wavelength dependent refractive
index n(A) of the prism material (see Sect. 3.1). The steeper
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slope of n(A) towards the UV results in a high energy reso-
lution for the blue side of the spectrum which does not drop
dramatically towards the near IR (see Sect. 4.3). Overall, this
leads to a more balanced spectral resolution which on aver-
age compares very well to standard grating spectrometers.

We use a metal neutral density wedge deposited on a
fused silica substrate in front of the detector to balance the
intensities of the channels by suppressing the stronger red
components near the fundamental relative to the weaker UV
components. Simultaneously, the attenuator adjusts the in-
tensity of the white light to the full-well capacity or satura-
tion charge of the detector. For optimal spectral resolution,
the multichannel detector has to be placed in the focal plane
of the dispersed white light. In the routine alignment of the
detector we use a set of small bandwidth interference fil-
ters that are inserted into the white light beam path at the
position of the sample. The camera is mounted on a linear
translation stage in z-direction and positioned such that the
widths of the transmitted profiles are minimized. The cur-
vature of the focal plane arising from spherical aberration
is much smaller than the Rayleigh range and therefore does
not cause any problems.

The choice of the optics depends on the prism material
and on the geometry of the multichannel detector. The prism
dispersion together with the total length of the detector area
fixes the focal length of the spherical mirror SM2 in Fig. 6a.
The focal length of SM2 together with the size of the indi-
vidual pixels then determines the necessary beam diameter
of the collimated white light before the prism. This can be
adjusted by the choice of the spherical mirror SM1 once the
focusing geometry of the probe light into the sample is fixed.
Overall the continuum is imaged once from the output face
of the CaF, plate into the sample and a second time onto
the detector. The ratios of focal lengths determine the mag-
nification and only due to the single filament character of
the continuum does the presented simple solution become
possible.

In one of our laboratories we use a fused silica prism
(o = 68.7°, side length 1”) and a CCD camera with a sensor
area of ~12.5 x 1.5 mm and a pixel size of 24 x 24 um.
There, the white light is recollimated after the sample with
a R = —500 mm spherical mirror (SM 1 in Fig. 6a) to a di-
ameter of ~3 mm. The dispersed spectral components are
then focused onto the multichannel detector with a second
spherical mirror (SM2, R = —400 mm). Interestingly, the
astigmatism is a desirable side effect. By placing the CCD in
the sagittal plane one ensures that the white light is spread in
vertical direction over all lines of the CCD array without los-
ing spectral resolution. The choice of reflective optics avoids
chromatic aberrations that would result from lenses.

2.7 kHz multichannel detection with high dynamic range

For the measurement of the photo-induced transmission
change alternating measurements of the transmission of the
probe continuum through the sample with and without ex-
citation are performed. The high correlation between suc-
cessive probe pulses [46] can be exploited by chopping
the pump pulse at half the laser repetition rate. For a typi-
cal amplified femtosecond laser system this requires a kHz
read-out frequency of the multichannel detector. Dependent
on the employed hardware adapted triggering schemes are
needed. The cleanest solution is to trigger the detector at the
laser repetition rate. If this is not possible, an asynchronous
operation is also conceivable. This requires that the integra-
tion time of the detector is set to match the period between
the laser pulses as closely as possible, or vice versa. In prac-
tice, the detector has to be resynchronized after the read-out
of a burst as large as possible. Due to the limited long-term
stability of the laser system it is important to keep the total
measurement time at a minimum. Typically, the duration of
one experiment should not exceed 2-3 hours. By maximiz-
ing the duty cycle of the data acquisition more laser pulses
can be acquired within the measurement time. Thus, a bet-
ter signal-to-noise ratio can be achieved. With the advent of
fast multicore processors and large memories it is nowadays
possible to use high level data acquisition languages such as
LabView for a fast data recording and real-time processing
and visualization.

Over the past decade, multichannel detectors with ever
faster read-out electronics have become commercially avail-
able at affordable prices. In our lab we use two types of
multichannel detection systems: a photodiode array (PDA)
based camera (tec5 AG) which is operated in burst mode
and a back-thinned full frame transfer (FFT) CCD camera
(2000 series; Ingineurbiiro Stresing) which is triggered syn-
chronously to the laser.

The PDA sensor (NMOS; S3902-512Q; Hamamatsu)
consists of 512 pixels, 50 x 500 um each. Due to the large
pixel size, the saturation output charge is ~6 x 107 electrons.
With a quantum efficiency of 50% at 600 nm, this corre-
sponds to the absorption of 12 x 107 photons or an energy
density of ~40 pJ per pixel at 600 nm. This is about a factor
of 5 larger than the actual energy density of our supercon-
tinuum (see Sect. 2.3). Thus, the dynamic range of the PDA
cannot be exploited properly. In the UV the situation is even
worse since the quantum efficiency of the PDA drops to be-
low 30% and the energy density of the white light decreases.
To operate the analog-to-digital converter of the PDA cam-
era in the optimal regime we employ an analog pre-amplifier
to scale the PDA output. This, however, increases both sig-
nal and noise and probably adds extra electronic noise. In
total, we determined from the experiment an effective dy-
namic range of 1000:1 for the PDA.
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The FFT sensor (S7030-0906; Hamamatsu) is a two-
dimensional CCD array of 524 x 58 pixels, 24 x 24 um each.
After illumination, the 58 pixels in the vertical direction are
rapidly binned into a reading register. The full-well-capacity
of the register is 6 x 10° electrons. With a quantum effi-
ciency of 85% at 600 nm, this corresponds to the absorption
of 7 x 107 photons or an energy density of ~0.3 pJ per pixel
at 600 nm. Furthermore, the quantum efficiency in the UV
is well above 45% for the back-thinned detector. Now the
energy in the white light continuum is sufficient throughout
the whole spectral range to saturate the detector. Experimen-
tally we measure a dynamic range of 4000:1, i.e. a fourfold
increase compared to the PDA. This allows one to extend the
detection window towards the UV where the intensity of the
white light decreases. We therefore employ the CCD camera
preferentially for samples with decisive transient absorption
bands in the low wavelength region (see Sect. 5.2).

An often claimed disadvantage of the CCD as compared
to a PDA sensor is its lower saturation threshold [76]. This
can lead to the unwanted effect that the shot noise becomes
higher than the technical laser noise and thereby the de-
tection sensitivity deteriorates. An essential improvement
is reached by the vertical binning described above. In our
case, the resulting shot noise limit corresponding to the full-
well capacity of the CCD reading register is 1.3 x 1073, Al-
though quite large, this value is still well below the technical
noise of the white light continuum (see Fig. 3b) and there-
fore does not determine the overall noise of the measure-
ment. For the PDA sensor, the maximum number of gen-
erated electrons is about five times smaller than the satura-
tion output charge. This still leads to a shot noise limit of
2.9 x 10~* which is one order of magnitude better than for
the CCD and much below the laser excess noise.

The quality of the spectroscopic data we obtain with
these two detection systems is very similar (see Sects. 4
and 5). The differences arise mostly from the fact that the
two setups are operated with different laser sources whose
performance is never quite the same. Also the two super-
continua generated in CaF, will always have slightly dif-
ferent properties. From our experience, these contributions
are larger than the actual differences between the CCD and
the PDA based camera and therefore we find both systems
equally suitable for the application in ultrafast transient ab-
sorption experiments.

3 Calibration and data post-processing

3.1 Wavelength calibration

For the wavelength calibration of our home-built prism poly-
chromator we use a filter wheel with five color filters that

can be rotated into the probe beam successively. It is impor-
tant to position the filters for normal incidence of the beam
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Fig. 7 (a) Transmission spectrum of the filter BG 36, the red circles
exemplarily indicate features that can be used to calibrate the spec-
trometer. (b) Accuracy of the wavelength calibration as identified by
the position of the same features in the recorded spectrum. For details
see text

propagation to avoid a parallel shift of the continuum on the
detector. To minimize the influence of a small wedge on the
filter, the wheel is placed right in front of the camera. The set
consists of the three longpass filters WG 320, GG 475 and
RG 695 and the two multiband filters BG 20 and BG 36 from
Schott. While the strongly modulated spectra of the latter al-
low for a calibration over the whole near-UV/Vis range (see
Fig. 7a), the former serve as additional checks at specific
points.

At the beginning of each transient measurement we
record the transmission of all filters as a function of the
pixel number. The known spectra of the filters can then be
used to assign the proper wavelengths to selected pixels.
The various maxima, minima and steep slopes of the curves
render about 30 wavelength/pixel couples that are used as
input data for a fit that correlates each of the 512 pixels to a
wavelength A;.

The horizontal deflection of a wavelength A; with respect
to a reference wavelength A¢ corresponds to the pixel num-
ber N (;) according to the exit angle 6y (1) from the prism:

N(xi) =M — f - sin(fouc(ri) — Oout(ro)) + const. )

M is the total number of pixels on the detector and f the
focal length of the spherical mirror SM2 in Fig. 6a. The exit
angle depends on the index of refraction n(X) of the prism
material which can be calculated from the Sellmeier equa-
tion:

. . . sinfy
Oout(A) = arcsin| n(X) - sin| o — arcsin . (®)]
n(x)
Here, 6;, is the angle of incidence of the white light into the
prism and « is its apex angle.
Only two of the parameters in (4) are fitted with a
Levenberg—Marquardt algorithm: the constant offset and the



Sub-50 fs broadband absorption spectroscopy with tunable excitation for ultrafast molecular dynamics 225

focal length f. Although the latter quantity is in principle
determined by the radius of curvature of SM2, we also fit
this parameter to account for imperfect collimation of the
white light and the astigmatism inherent to the setup. Af-
ter fitting (4) the sought-after function A(X;) is obtained by
numerically inverting the monotonic function N (A;).

The quality of the calibration procedure is estimated by
comparing the spectral position of the most prominent fea-
tures of the BG 36 spectrum after the calibration with their
actual position known from the reference measurement in
a standard spectrometer. The results are shown in Fig. 7b.
Over the whole range of the white light continuum we find
the deviations to be mostly within a £50 cm~! window,
which translates to a precision of £0.5 nm at 300 nm and
42.5 nm at 700 nm. This is in the range of the spectral spac-
ing of the pixels.

3.2 Chirp correction procedure

Due to the chirp of the white light, the temporal overlap be-
tween pump and probe—or time zero—is wavelength de-
pendent. This can be seen in Fig. 8a which shows the raw
transient absorption of chloroform excited at 600 nm. The
nominal delay of O fs is arbitrarily set at 400 nm. The tem-
poral overlap of a certain component of the continuum with
the pump pulse results in a coherent artifact (see Sect. 4.1).
Its position is marked with filled circles in Fig. 8a and re-
veals that there is a ~1.5 ps temporal dispersion between
300 and 750 nm, in good agreement with the calculated
group velocity dispersion due to the optical components in
the probe beam. To obtain the transient spectrum at a chosen
delay time the raw data have to be corrected for the chirp. In
a single-channel detection scheme this can be done online

b 300 2 (nm) 400 500 600 700
Fig. 8 (a) Absorption changes of the white light continuum in pure
chloroform (Aexe = 600 nm, Texe = 25 fs). Orange curve: polynomial
fit to the center of the coherent artifact (filled circles). Inset: Fourier
transform spectrum of the kinetic trace at 340 nm not including the
coherent artifact. (b) Residuum of the polynomial fit to the time zero
positions

during the measurement by adjusting the delay of the pump
synchronously with the wavelength [72, 77]. For multichan-
nel data acquisition the correction is best carried out after
the measurement.

The proper chirp correction requires an accurate determi-
nation of the time zero. In degenerate pump-probe experi-
ments, i.e. when the probe is a temporally shifted replica of
the pump, one can use spectral interference on the detector
to determine the time zero with an accuracy of 1 fs [38]. For
nondegenerate broadband probing, the most commonly used
methods are based on the coherent artifact [35, 36, 77, 78],
even though the evaluation of the oscillatory signals aris-
ing from stimulated impulsive Raman scattering [79] has
also been proposed [80]. The latter method has two require-
ments: The phase of the oscillation has to be known and the
instrument response function has to be shorter than the vi-
brational period of the Raman active modes of the solvent
molecules. It is therefore most useful for experiments with a
time resolution better than ~50 fs. With time resolutions be-
tween 50 and ~100 fs impulsive Raman signals can still be
observed for solvents like chloroform or dichloromethane
which have low frequency vibrational modes. This case is
shown in Fig. 8a where the oscillatory signals of chloroform
are seen as stripes above the coherent artifact. The Fourier
spectrum reveals three major contributions at 259, 367 and
662 cm~! which closely match the known Raman active
modes of chloroform.

When using other common solvents such as ethanol, ace-
tonitrile or DMSO, the Raman active oscillations are more
difficult to resolve and the determination of the time zero
point is most easily done using the coherent artifact. There-
fore, in most cases our chirp correction procedure relies on
this method. To sufficient accuracy, the coherent artifact in
a thin sample cuvette can be modeled by a Gaussian and/or
its first and second time derivative [80]. About 20 time zero
points are determined by fitting these functions to the raw
data at selected wavelengths. We then fit a low order poly-
nomial to these points to interpolate the time zero for the
whole data set. This fit typically introduces an error §t of
less then %5 fs into the chirp correction as shown in Fig. 8b.
As discussed in Sect. 4.1, this is well below the time res-
olution of our setup. With the help of the chirp correction
function the true transient spectra can be reconstructed by
linear interpolation of the raw data along the time axis. Only
after this chirp correction the molecular dynamics signatures
are accessible to proper modeling in global fitting and target
analysis [81].

4 Performance of the setup

So far we have presented the concept and implementation
of our transient spectrometer and discussed the tuning range
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for the molecular excitation as well the observation range
for the probe light. Now we want to present the achieved
performance parameters that are most relevant to the use in
molecular and chemical dynamics. As with any other kind of
spectroscopy the prime concerns are the spectral and tempo-
ral resolution and the sensitivity of the detection.

4.1 Time resolution

A first estimate of the temporal resolution in a broadband
experiment can be obtained from the width of the frequently
observed coherent artifact [82]. By fitting a Gaussian and
possibly its derivatives to the transients this can be done
quantitatively. The FWHM of the Gaussian is taken as the
time resolution and assumed to be very similar to the re-
sult of a crosscorrelation measurement performed in a thin
nonlinear crystal. A measurement of the coherent artifact
in the pure solvent is routinely obtainable with our setup
for the whole spectral range of the white light (see Fig. 9a
for ethanol). The single profile at 360 nm shown in Fig. 9b
demonstrates the importance of the derivatives. Due to the
varying group velocity mismatch [83] between the pump
and the spectral components of the probe the width of the
artifact varies with the probe wavelength, e.g., from 40 to
130 fs when a 120 pm flow cell is used (see Fig. 9c).

In general, it is complicated to accurately resolve an ul-
trafast process whose signature coincides with the coherent
artifact. It is therefore very helpful to minimize the ampli-
tude and the temporal width of the artifact. Experiments and
theoretical considerations have shown that both the cuvette
windows and the sample solution contribute to the artifact.
For commercial cuvettes the group velocity mismatch can
elongate the artifact up to some hundred femtoseconds [84].
Then, in most cases the modeling with standard functions
like Gaussians is not possible any more [85, 86]. This makes
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Fig. 9 Time resolution as a function of wavelength: (a) coherent ar-
tifact obtained from a flow cell filled with ethanol (Aexe = 510 nm,
Texe = 28 fs); (b) kinetic trace at 360 nm (circles) and Gaussian fit
(solid line); (¢c) FWHM of the coherent artifact of (a) (open circles)
and of a 100 um BBO crystal (filled circles)
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the separation of the artifact and the very fastest molecu-
lar signatures very challenging and renders the resolution of
few femtoseconds dynamics almost impossible for spectral
regions far from the pump wavelength. For this very reason
our flow cell is designed such that not only the thickness of
the sample is kept as low as possible but also the windows
are very thin (see Sect. 2.5). The artifact then only extends
to several ten femtoseconds before and after time zero and
ultrafast processes down to well below the 100 fs level can
be observed.

It is interesting to note that the effective time resolution
lies below the width of the artifact measured in the presence
of windows. A good estimate is obtained by measuring the
artifact in a crystal or glass plate whose thickness is com-
parable to the thickness of the sample solution alone. As
shown in Fig. 9c the FWHM of the artifact measured in a
100 pm BBO lies below 80 fs for the whole spectral range.
A striking evidence of this discrepancy is the Fourier trans-
form spectrum of the chloroform transients in Fig. 8 where
the 669 cm~! mode is clearly resolved even in regions where
the coherent artifact is much longer than the vibrational pe-
riod of 50 fs. We can therefore estimate the actual time res-
olution that can routinely be achieved with our setup to be
below 50 fs.

4.2 Sensitivity, signal-to-noise ratio and quantitative
measurement

To establish the sensitivity of the broadband spectrometer
under realistic conditions and to determine the minimal de-
tectable absorption change, we analyzed the noise of typi-
cal pump-probe traces like the ones shown in Figs. 8, 9, 12
and 13. For a purely statistical noise distribution the signal-
to-noise ratio should increase with the square root of the av-
eraging time. As mentioned in Sect. 2.7, we want to keep
the total measurement time below 3 hours. With a laser rep-
etition rate of 1 kHz, this corresponds to a maximum of
5.4 x 10° recordable pairs of probe pulses with and with-
out excitation of the sample. Using the quasi-exponential
timescale described in Sect. 2.1, 400 sampled points are typ-
ically enough to cover the range up to 1 ns. With a duty cycle
of the data acquisition of ~80% this allows for a maximum
of ~10* averages per measured spectrum, usually split into
several faster scans to account for any drift of the laser power
and to allow for consistency checks. Under these conditions
a statistical analysis of the signal before time zero returns a
standard deviation, i.e. a detection sensitivity of the instru-
ment of 1 x 10~* OD over the whole spectral range. With
10 scans and 2000 averages for each we can even reach an
average sensitivity of 4.6 x 107> OD, some spectral regions
being even a factor of 4 better as shown in Fig. 10.

These values hold for both detection systems used in
our lab, the PDA based and the CCD camera. This indi-
cates that the dominant contribution to the noise observed in
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our pump-probe spectrometer is the laser excess noise and
nonstatistical fluctuations, whereas shot noise and electronic
noise play only a minor role. In contrast to the standard ap-
proach, our setup presently does not include the detection
of a reference beam, even though this might push the sensi-
tivity to the 107% OD level [46]. However, in this regime it
would be likely that stimulated impulsive Raman signals are
observed even in solvents with low intensity Raman bands.
These oscillatory signals can mask the sought-after dynam-
ics of the solute. Thus, at least for studies in liquid phase,
a sensitivity of several ten uyOD seems to be a practical
limit and this is already reached in our comparatively simple
setup.

The signal after time zero suffers from two sources of
noise: the fundamental noise of the setup determined above
and in addition the noise of the pump pulse. The latter does
not contribute to the noise of the data in linear fashion, but
has to be weighted with the induced transmission change
((9) in Ref. [46]). With maximum absorption changes of a
few percent, this results in a contribution of the pump noise
that is somewhat smaller than the fundamental noise. Thus,
the noise in the data, both before and after time zero, is
mainly determined by the uncorrelated fluctuations in the
white light continuum. This renders a correction for the fluc-
tuations of the pump light unnecessary. With the high signal-
to-noise ratio of presently more than 500:1 we can observe
for instance a pure exponential decay over the whole spec-
tral range for over six decay time constants.

The high sensitivity together with the smooth profiles of
the pump and probe pulses (see Sect. 2.4) allows us to re-
port quantitative values for the time dependent absorption
changes. In many spectroscopic reports only data scaled in
arbitrary units are given. This neglects the important in-
formation that is contained in the strength of the transient
absorptions, e.g., the concentration of the intermediates or
their extinction coefficient. The latter is a most powerful tool
for the identification of the intermediates.
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Fig. 10 Typical detection sensitivities determined from the baseline
of 10 accumulated scans with 2 x 103 averages per point each. Filled
circles: PDA based camera; open circles: CCD camera. The average
sensitivities are 4.6 x 10~ for the PDA and 7.6 x 10~ OD for the
CCD

4.3 Spectral resolution

To determine the spectral resolution of our home-built prism
polychromator we measured the line widths of a mercury-
neon calibration lamp (Pen-Ray; L.O.T.-Oriel GmbH (see
footnote 1)). The obtained line spectrum is shown in
Fig. 11a. To ensure that the optical imaging matches that
of the white light continuum we placed the lamp in front of
a 50 um pinhole. The latter was positioned at the focus of
the continuum in the sample. Since the intensity of the cw-
calibration lamp is much lower than that of the white light,
we had to increase the integration time of the camera by a
factor of 50. Therefore we replaced the kHz trigger from the
laser with a 20 Hz TTL signal. After some averaging we ob-
tained sharp lines over the whole spectral region. These lines
can be associated to mercury transitions whereas the neon
lines only show up shortly after the lamp is turned on and the
temperature is still low. In principle the characteristic atomic
lines could also be used for the wavelength calibration of the
polychromator. However, the implementation in an everyday
routine is somewhat more complicated and prone to errors
than the use of the calibration filters described in Sect. 3.1.
The mercury lines can be fitted with Gaussian functions
whose widths are plotted in Fig. 11b. At some wavelengths
like 365 nm the spectrum consists of closely lying transi-
tions. Their separation is close to the resolution of our setup
and fitting them with a single Gaussian results in a FWHM
value that is much larger than that of neighboring single
lines. We therefore use as many Gaussians as the number
of known transitions and fix the maxima according to the
values given in the datasheet. The resulting FWHM values
lie between 50 cm™! in the UV and 100 cm™! in the visi-
ble. This corresponds to a wavelength resolution as low as
0.5 nm. This is more than sufficient for UV/Vis spectroscopy
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Fig. 11 (a) Line spectrum of a mercury-neon lamp after the
prism-based polychromator measured with the CCD camera. (b) De-
termined line widths (FWHM) from Gaussian fits to the atomic transi-
tions. For closely lying transitions the centers of the Gaussian fits were
fixed to the established values
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in solution were typical bands have widths on the order of
2000 cm ™.

5 Representative data and modeling of the
experimental recordings

5.1 Transient spectroscopy of naphthalene bisimide upon
visible excitation

To illustrate the use of the new broadband pump-probe spec-
trometer for molecular dynamics we show data on a core-
substituted naphthalene bisimide (NBI) after visible excita-
tion in Fig. 12. The transient spectra were recorded with the
PDA-based camera at 370 delay line positions between —15
and 300 ps and are an average of three scans. Each spec-
trum in these scans is computed from 2500 pairs of white
light pulses with and without excitation. The optical den-
sity of the sample solution at the excitation wavelength was
set to ~0.2 at a thickness of 120 um. This corresponds to a
concentration of 0.8 mmol/l. The energy of the pump light
centered at 620 nm was limited to 80 nJ and focused to a
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Fig. 12 (a) Steady state absorption (black) and emission (red) of a
core-substituted NBI dissolved in chloroform: R1=CgH;7, R2=C4Hjy.
(b) Transient spectra at selected delay times detected with the
PDA-based camera after excitation with 20 fs pulses centered at
620 nm. The spectra represent horizontal slices out of the 2D data
shown in (c). Two kinetic traces in the excited state absorption band
at 410 nm and the stimulated emission band at 650 nm (dashed lines)
are shown in (d)
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diameter of 150 um. The stray light of the pump amounted
to about 30% of the full molecular signal and was subtracted
from the transient data using its signature at negative delay
times.

Under these conditions, less than 10% of the molecules
inside the pump volume are excited resulting in absorption
changes between —7 and 43 mOD. Although these changes
are quite small, the high sensitivity of the setup still allows
for a very good signal-to-noise ratio of, e.g., 75:1 at 400 nm.

Due to the ultrabroad range of the CaF, white light we
not only observe the ground state bleach of the first excited
state around 620 nm, but also the signature of the second
electronic transition at 368 nm and the onset of higher tran-
sitions below 320 nm. In these spectral regions the ground
state bleach does not overlap with the stimulated emission
and is not distorted by stray light from the pump. By com-
parison to the excited state absorption (ESA) signal in spec-
tral regions without ground state absorption, an unambigu-
ous determination of the dynamics of the ground state re-
covery is therefore possible. This is especially helpful in two
important situations. If an optically dark photoproduct is ir-
reversibly generated, a residual bleach signal can allow for
an accurate calculation of its quantum yield. A differing de-
cay of the ground state bleach and the ESA indicates long
lived intermediates.

The inspection of the data in Fig. 12 reveals that the ki-
netics indeed differs significantly for well separated spec-
tral regions. Between 380 and 550 nm the signal is domi-
nated by a fairly structureless ESA. As seen in the red curve
of Fig. 12d, the major contribution to the ESA signal ap-
pears instantaneously with the optical excitation and rises
only slightly to its maximum within a few picoseconds. The
most prominent dynamics is given by a large amplitude de-
cay on the time scale of tens of picoseconds. In contrast,
the decay in the region of the stimulated emission around
650 nm occurs predominantly on the few picosecond time
scale. This finding explains the unusual steady state fluores-
cence spectrum shown in Fig. 12a which features a contribu-
tion from higher vibrational levels of the St state at 590 nm:
The electronic excitation decays before the vibrational cool-
ing is completed and therefore resonance emission is com-
parable to the vibrationally relaxed one. Situations of this
kind clearly show the importance of multichannel detection
for the gain of a complete picture of the excited state dynam-
ics of the molecular system under investigation.

5.2 Ultrafast photochemistry of diphenylmethyl chloride
upon UV excitation

In a second showcase example we performed measurements
on diphenylmethyl chloride (DPMC) in acetonitrile solu-
tion. These data were recorded with the CCD camera in
three scans between —100 and +1900 ps each with 2000
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Fig. 13 Transient absorption spectra of diphenylmethyl chloride in
acetonitrile after 270 nm excitation detected with the CCD camera.
The delay time axis is linear between —1 and +1 ps and logarithmic
between 1 and 1900 ps. The coherent artifact around time zero has been
omitted from the graph. The absorption band at 330 nm is assigned to
the radical pair and the one at 435 nm to the formation of an ion pair

averages per spectrum. The pump wavelength was tuned to
the first absorption band at 270 nm. Since this transition is
much weaker than the one pumped in NBI—the extinction
coefficient at 270 nm is only 400 1 mol~! cm~!—the pump
photon density has to be increased. We therefore focused
140 nJ of the UV light down to a beam diameter of 80 um
in the sample leading to an excitation probability of roughly
0.5%. The concentration cppyc = 40 mmol/l also had to be
chosen much higher to reach an optical density of 0.2 in the
120 ym flow cell.

The transient spectra are depicted in Fig. 13 as a pseudo-
3D plot which shows two induced absorption bands with
maxima at 330 and 435 nm, well outside the absorption
spectrum of DPMC. They correspond to the diphenylmethyl
radical and the benzhydrilium cation that are formed by the
photo-induced dissociation of DPMC. The rise of the bands
in the first few hundred femtoseconds monitors the cleav-
age of the C—Cl bond, the first step of the photochemical
reaction. The native ratio of ion pair to radical pair is sub-
sequently increased by an intermolecular electron transfer
from the diphenylmethyl radical to the chlorine radical. This
is seen in the concerted decay (radical) and rise (cation) of
the two bands on the time scale of 20 ps. At larger delay
times above 100 ps, the decay of the cation band reflects the
geminate recombination with the chloride anion. A more de-
tailed analysis of the dynamics will be given in a future pub-
lication.

This example shows again the importance of a spectrally
broad probe window as this allows one to fully resolve the
signatures of all relevant photoproducts. Since the reaction
dynamics has contributions from the femtosecond to the
nanosecond regime, the implementation of the non-linear

sampling time scale is a key point for a direct understand-
ing of the underlying processes. In addition, the multichan-
nel detection in combination with the high spectral resolu-
tion enables us to observe and quantitatively treat shifts and
spectral narrowing of bands that occur, e.g., due to solva-
tion or vibrational cooling. A thorough analysis of the cation
band indeed reveals such a shift by about 5 nm. Since tran-
sient absorption spectroscopy is a method that provides ab-
solute values, knowing the relevant experimental parameters
allows for a precise quantitative analysis and in this case is
capable of supplying absolute quantum yields of the ultra-
fast photodissociation.

5.3 Post-processing of multichannel data: analysis of the
ultrafast molecular dynamics

The availability of a 2D data set from the multichannel de-
tection permits and requires a different post-processing than
in the case of single-channel spectra or kinetic curves. The
analysis we perform does not just aim at the full parameteri-
zation of the data obtained but rather follows a spectroscopy
oriented approach. That means we use the available knowl-
edge, e.g., from own steady state measurements or the lit-
erature to stepwise gain full insight into the mechanisms of
the ultrafast processes on the molecular level.

To achieve this goal, at first we study the dynamics at dis-
tinguished positions throughout the whole spectrum like the
maxima of the radical and ion bands in Fig. 13, but also in
between for the determination of the ESA contribution. We
have therefore developed a LabView routine that allows us
to perform fits of kinetic traces which we obtain by averag-
ing the data from a freely selectable number of neighboring
pixels. Thus, step by step we can gather first hints of the rel-
evant time scales for the different processes we observe. The
fit function F(¢) we employ can thereby change according
to the model we assume. In case of a simple rate model it
can be written as:

F(t)=IRF® {G(t) : |:Z A; exp(%) + const:“
+ artifact. (6)

It consists of the instrumental response function IRF con-
voluted with the product of the step function # and a sum
of exponentials. If necessary, the fit function in our program
can be augmented with damped oscillations or stretched ex-
ponentials [87].

Our LabView code also includes the calculation of the
correlation matrix of all possible pairs of fit parameters. If
one of the off-diagonal elements in this matrix approaches
+1, the correlation of the two parameters is very high lead-
ing to compensation effects. This is an indication that more
free parameters are used than are supported by the data. We
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therefore use the correlation matrix to avoid too many ex-
ponential functions to characterize the observed dynamics.
This approach is comparable to other proposed methods like
singular value decomposition [39, 88], however less affected
by noise in the data.

The fits of kinetic traces at single spectral positions of-
ten result in a systematic variation of the locally determined
time constants. This can have technical reasons like vary-
ing contributions of the noise in the data, but it can more
importantly be a consequence of an incomplete model. For
example, the overwhelmingly used rate models do not in-
clude solvation, internal vibrational redistribution or vibra-
tional cooling. These processes lead to spectral shifts as well
as narrowing and broadening of bands. If these contribu-
tions are small compared to the absorption changes due to
the population dynamics, a global fit can be used to find a
unique set of decay time constants for the whole system.
Our global analysis is based on the formalism developed by
Fita et al. [89] which extracts decay associated difference
spectra [90] from the transient data. The consistency of the
obtained results can be checked with the help of qualitative
data visualization methods like the logarithmic differentia-
tion of the absorption changes [88].

If however the spectral shifts become dominant, then
the evaluation of band integrals helps to disentangle elec-
tronic dynamics from solvation and vibrational relaxation.
This method is best suited for isolated bands in the tran-
sient absorption spectra like the cation and the radical band
in Fig. 13. Then, the integral [ dA 92 is proportional to the
transition dipole moment squared [91, 92] and to the popu-
lation of the absorbing electronic state. Therefore, the tem-
poral evolution of the integral allows one to directly evaluate
the population transfer between electronic states or chemical
species. In some cases, the spectral shift itself is the quantity
of interest, as it can for instance yield information on solva-
tion dynamics [63, 93, 94]. Then, a spectral decomposition
into the different contributing signals such as excited state
absorption and stimulated emission can be used to quantify
the shift of the individual bands [73].

These examples demonstrate that the multichannel data
in the broad detection range between 290 and 720 nm lend
themselves to a wealth of post-processing strategies that put
the interpretation and modeling on solid ground. The quality
of the final picture is closely related to the understanding and
correct implementation of the technical and spectroscopic
concepts presented in this paper. Almost all of these issues
have been previously assessed by other groups. However,
only the appropriate combination of all of them renders the
described state-of-the-art spectrometer.

Changes in different directions are always possible, e.g.,
shifting the probe supercontinuum further towards the mid
IR [45], using more advanced compression techniques to
obtain even shorter excitation pulses [47] or replacing the

@ Springer

flow cell with a liquid jet [95]. The exact implementation
depends on the particular requirements of the investigated
sample. By combining tunable excitation with highly sensi-
tive broadband detection and a simple but thoroughly con-
ceived optical design the spectrometer as presented here al-
lows for the investigation of a large variety of spectroscopic
problems whilst keeping the technical flexibility necessary
to address even more challenging systems.
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We investigate the effects of encapsulation on the dynamics after photoinduced bond cleavage of a
diphenylmethyl phosphonium salt in acetonitrile reverse micellar nanopools by femtosecond UV/Vis
transient absorption. The small volume of the nanopool is just large enough to accommodate one precur-
sor molecule and therefore eliminates the effects of diffusion present in bulk solution. The tight environ-

ment keeps the fragments together and prolongs the time for geminate recombination to occur. We
therefore observe an enhanced yield of this bimolecular reaction of the ground state photofragments.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Chemistry in a confined environment differs in a number of
ways from that in bulk solution [1,2]. The 100-1000 times slower
solvation times of polar solvents [3-5] and the hindrance to large
amplitude motions of molecules in confined environments have
been found to have a dramatic effect on various chemical and bio-
logical reactions [1]. Elementary processes such as proton and elec-
tron transfer have been widely investigated under a variety of
confinements such as micelles, reverse micelles, cyclodextrins,
zeolites and even proteins [6-15]. Due to the ability of reverse
micelles to form nanometer sized enclosed solvent pools, these
systems can serve as ‘nanoreactors’, and are therefore of special
interest to researchers as simple biomimetic models for catalytic
reactions [11-13,16]. The size of the pools can be controlled at
the nanometer level through the molar ratio between polar solvent
and surfactant [12]. The surfactant AOT (Aerosol-OT, sodium bis
(2-ethylhexyl)sulfosuccinate) is one of the most widely investi-
gated RM systems for its thermal and mechanical stability and a
preferential choice for the confinement of molecules that undergo
photoinduced reactions [17]. The local polarity, viscosity and pH
changes induced by these confined environments play a significant
role in modifying the photoprocesses and influence the rates and
directions of photochemical reactions [18].

Up to now not many successful reports of bimolecular reactions
involving bond formation under confined solvent environments
have been published. Benzhydryl derivatives are interesting candi-
dates for such studies. For example, benzhydryl halides undergo
homolysis and heterolysis upon UV irradiation [19-23]. The gener-

* Corresponding author. Fax: +49 89 2180 9202.
E-mail address: igor.pugliesi@physik.uni-muenchen.de (1. Pugliesi).

0009-2614/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.cplett.2011.06.087

ated benzhydryl radicals and cations are highly reactive species
which have strong and distinct absorption bands in the UV/Vis
range [19].

In this work we have carried out a femtosecond UV/Vis transient
absorption study on the photoinduced dynamics after bond cleavage
of adiphenylmethyl phosphonium salt encapsulated in a reverse mi-
celle. Unlike the transient study of 2-(2-hydroxyphenyl)benzothia-
zole (HBT) molecules encapsulated in zeolite where severe
scattering in the UV prevented the observation of the dynamics be-
low 350 nm [10], in reverse micelles detection of the complete probe
window down to 290 nm is shown to be feasible. Our primary aim
was to eliminate the effect of diffusion prevalent in bulk solvent by
using acetonitrile nanopools as nanosize ‘reaction flasks’. To investi-
gate the effects of encapsulation, we compare the photoinduced
dynamics of 4,4’-dimethylbenzhydryl triphenylphosphonium tetra-
fluoroborate (BMe,PPh; BF, ) dissolved in bulk acetonitrile (ACN)
and in ACN/AOT/cyclopentane reverse micelles (RM). Due to its
intrinsic positive charge, BMe,PPh; undergoes heterolysis upon
UV excitation to generate benzhydryl cations BMe; very efficiently
[24]. The structure of the molecule is shown in Figure 1.

2. Experimental

We encapsulate BMe,PPh; BF, in a RM by preparing a concen-
trated stock solution of the molecule in ACN. A calculated volume
of this concentrated stock solution is added to 0.2 M AOT in cyclo-
pentane (see Supplementary material for preparation details and
characterization). Our intention was to prepare RMs of a size just
large enough to accommodate a single BMe,PPh; BF, molecule. It
is known from studies on aqueous RMs that the solvent pool diam-
eter can be controlled by the polar solvent-to-surfactant concen-
tration ratio w = [polar solvent]/[surfactant] [12]. We determined
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Figure 1. Structure of BMe,PPh; . The counterion BF, is always assumed to be present in the vicinity though not shown in the 3D structure for simplicity. Upon UV irradiation
the C-P bond is cleaved giving rise to the benzhydryl cation BMe; and the PPh; as the leaving group.

the diameters of the ACN/AOT/cyclopentane RMs loaded with
BMe,PPh; BF, by dynamic light scattering. These measurements
show that micelles with a solvent-to-AOT concentration ratio
w = 4 have an external radius in the range of 16.8 + 4 A (see Supple-
mentary Figure S1). The obtained values are very similar to those
reported in Refs. [5,25]. Assuming a length of 8 A for an AOT mol-
ecule [26] leads to an internal RM radius of ~8.8 A. This is only
slightly larger than the Onsager radius of 6.1 A [27] for BMe,PPh;.
Thus, in RMs with w =4 there is not enough space for accommo-
dating more than one benzhydryl molecule (Figure 1). Further-
more, RMs with w<4 failed to keep the BMe,PPh;BF,
encapsulated leading to a turbid suspension. The experimental
observations and the size estimations conclusively show that the
possibility of more than one BMe,PPh; BF, being encapsulated in
a RM with w = 4 is negligible. Therefore the investigated RM con-
sists of approximately 60 AOT molecules [26], 60 Na* ions, about
40 ACN molecules and a single BMe,PPh; BF;. This tight confine-
ment makes the RMs comparable to the spatial conditions present
in reactive pockets of common enzymes.

Prior to performing the transient studies, the encapsulation of
BMe,PPh; BF, in the ACN nanopools was verified by steady state
absorption. We measured spectra of BMe,PPh; BF,; in ACN, cyclo-
pentane and the binary cyclopentane-ACN solvent mixture with
the same concentration ratio as used for the generation of the
RMs (see Figure 2). While in ACN the precursor molecule was
found to be completely soluble, a negligible (~30 times smaller
than in bulk ACN) optical density at 270 nm was found in cyclo-
pentane as well as in the binary cyclopentane-ACN solvent mix-
ture. This clearly indicates that the precursor molecules are
almost insoluble in cyclopentane and the binary mixture. On the
other hand, the precursor molecules were found to be completely
soluble in the ACN/AOT/cyclopentane RMs. The comparable OD
values in both bulk ACN and ACN RMs confirm dissolution of the
ionic precursor molecules in the ACN nanopools inside the RMs
(as depicted in Figure 1). The similarity in the absorption spectra
of BMe,PPh; BF, in ACN and the RMs (see Figure 2) is a strong indi-
cation for the absence of specific interactions of the molecule with
the interfacial surfactant layer. There appears to be neither aging of
the sample nor leaking out of the molecules from the pools, as the

15F
ACN/AOT/Cyclopentane, w = 4

1.0+
o
®) bulk ACN

05F

[ Cyclopentane + ACN
bulk Cyclopentane
0.0 e————— -

L i 1 " L " Il A 1
250 A (nm) 270 280 290
Figure 2. Steady state absorption spectra of BMe,PPhBF, in (i) ACN/AOT/
cyclopentane reverse micelles (w = 4), (ii) bulk ACN, (iii) cyclopentane-ACN solvent

mixture and (iv) bulk cyclopentane. (For interpretation of the references in color in
this figure legend, the reader is referred to the web version of this article.)

absorption profile remains unchanged even 72 h after sample
preparation and after prolonged pumping through the flow cell.
For the femtosecond UV/Vis transient absorption experiments,
the precursor molecules BMe,PPh; BF, in bulk ACN and in ACN/
AOT/cyclopentane reverse micelles (w=4) were excited at
270 nm with a pulse energy of 160 nJ. Under the experimental
conditions (pump beam diameter 95 pm at the sample position,
molar extinction coefficient of precursor 5250 L mol 'ecm™',
OD =0.13 at 270 nm), only ~4% of the molecules were excited. A
CaF, continuum spanning from below 290 to 750 nm and polarized
at the magic angle with respect to the pump polarization was used
as probe light. The temporal resolution was better than 100 fs, well
below all relevant decay rates. For a gentle exchange of the excited
sample volume, the RM solution was pumped through a flow cell of
120 pum thickness by a peristaltic pump. Details of the experimen-
tal set-up and data processing procedure are discussed in Ref. [28].

3. Results and discussion

Figure 3 shows the evolution of the transient absorption spec-
trum of BMe,PPh; BF, in ACN/AOT/cyclopentane reverse micelles.
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Figure 3. Transient absorption spectra of BMe,PPh; BF, in ACN/AOT/cyclopentane
reverse micelles. For clarity the intense solvent artifact is not displayed (see
Supplementary Figure S5 for details). The delay time axis is linear between —1 and
1 ps and logarithmic beyond 1 ps.

After UV excitation, we observe the appearance of a long-lived
product band around 465 nm, which can be ascribed to the benz-
hydryl cation (see Supplementary Figure S2) [19]. We additionally
observe a weak band at 338 nm analogous to the band position of
the benzhydryl radical [19]. Furthermore there is a broad and fea-
tureless absorption band located in the UV, which decays within
the first 50 ps. The similarity of this spectral feature to the broad
and long-lived excited state absorption (ESA) of bare PPhs (see
Supplementary Figure S3) suggests that this feature arises from
the optically excited PPhs; moiety in BMe,PPh;BF,. Signal
contributions from empty ACN/AOT/cyclopentane RMs and the
constituting AOT molecules can be ruled out as they are optically
transparent down to 250 nm and show no transient absorption
in the probe wavelength range (see Supplementary Figure S4).

For comparison to the above experiment transient spectra of
BMe,PPhj BF, in bulk ACN have also been recorded and are shown
in Supplementary Figure S6. BMe,PPh; BF, in bulk ACN shows the
same spectral signatures as BMe,PPh; BF, in ACN/AOT/cyclopen-
tane reverse micelles. However, the temporal behavior and the
amplitude of the benzhydryl radical and cation band are different.
As can be seen in Figure 3 and Supplementary Figure S6, upon UV
excitation strong signals appear throughout the near UV and blue
spectral range. These can be understood by the fact, that the pre-
cursor molecules in the ACN reverse micellar nanopools as well
as in bulk ACN undergo dissociation along the C-P bond generating
transient benzhydryl cations. After the initial cation generation,
the cation signal in bulk ACN undergoes an initial decay which is
terminated after ~200 ps leading to a constant cation population.
In contrast, the benzhydryl cations in the reverse micellar nano-
pools show a much more pronounced and longer lasting decay.
As in the bulk, a small fraction of the cations survives this pro-
longed decay (see Figure 4a).

To gain further insight into the dynamics of the cations we
quantify the temporal evolution of the absorbance changes with
a global fit procedure [29] based on a rate model. The decay asso-
ciated difference spectra (DADS) can be found in Supplementary
Figure S5 for BMe,PPh; BF; in ACN/AOT/cyclopentane reverse mi-
celles and Supplementary Figure S6 for BMe,PPh;BF, in bulk
ACN. Both systems display a gradual rise of the cation population
in the low picosecond timescale. There are two possible pathways
for the initial carbocation generation: (1) homolytic cleavage of the
C-P bond leading to a benzhydryl radical/PPh; radical cation con-
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Figure 4. (a) Temporal evolution of the absorbance changes and (b) peak shift of
the benzhydryl cation band in bulk ACN (blue line) and in ACN/AOT/cyclopentane
reverse micelles (w = 4) (red line). The fits are shown as solid lines. In (b) only the
component relevant to the geminate recombination (the slow component) is
shown. The fast component is due to relaxation and cooling. (For interpretation of
the references in color in this figure legend, the reader is referred to the web version
of this article.)

tact pair, followed by electron transfer within this pair to generate
the benzhydryl cation, (2) direct heterolytic cleavage of the C-P
bond generating transient carbocations and neutral PPh; mole-
cules. The mechanism behind the photolytic cleavage of the pre-
cursors leading to the benzhydryl cation generation is still an
open debate [22,30]. Alonso et al. [31] in their nanosecond laser
flash photolysis studies preferred a electron transfer mechanism
to direct heterolysis for the carbocation generation. However,
according to Bartl et al. [19] homolysis followed by electron trans-
fer within the geminate cage is possible only if the solvation of the
generated carbocation is concerted with the electron transfer pro-
cess. As the complex dynamics of the initial carbocation generation
requires a dedicated explanation, it goes far beyond the scope of
this Letter: the effects of encapsulation on the geminate recombi-
nation of carbocations.

In bulk ACN, a small fraction of the generated benzhydryl
cations decays with a time constant of 88 ps. The main part of
the cation population remains unchanged for several nanoseconds.
This behavior can be explained with the following mechanism:
After the photoinduced C-P bond cleavage, a geminate pair con-
sisting of the benzhydryl cation and the PPhs leaving group is gen-
erated. This pair can either separate to give rise to long lived
cations or recombine to the precursor molecule. The recombina-
tion can only occur as long as the fragments are in close vicinity
and is terminated by diffusional separation. This mechanism has
already been reported for related benzhydryl derivatives [21,22].
Furthermore, the assignment of the 88 ps decay to diffusion-termi-
nated geminate recombination is supported by the peak shift
dynamics of the cation band (see Figure 4b), which displays a tem-
poral blue shift with a comparable time constant of 112 ps. Com-
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pared to the cation in the geminate pair, the free cation experi-
ences a better solvation as it is surrounded by a full ACN solvent
shell. The diffusional separation therefore leads to the observed
temporal blue shift of the cation band. Analogously to the constant
cation population after 200 ps (88 ps time constant), the peak
wavelength shows no further changes.

In ACN nanopools, the encapsulated cations exhibit a very dif-
ferent decay dynamics (Figure 4a) to that in bulk ACN. The cation
population decays in two sequential steps, a fast step with a
4.6 ps time constant and a slow step of 700 ps. The short time con-
stant of 4.6 ps is too fast to involve any species present in the
reverse micelle other than the photofragments themselves. We
suggest that it might be due to a recoil of the photofragments from
the walls of the micelle to regenerate the precursor. The subse-
quent 700 ps time constant is associated with the major loss of
the cation population. Assigning this time constant to geminate
recombination is again supported by the peak shift of the cation
band. In analogy to the system in bulk, the shift occurs with a time
constant of 740 ps that is comparable to the slow time constants of
the cation population dynamics. The blue shift suggests, that also
in the reverse micelle the cation becomes better solvated with
the 700 ps time constant. This can be due to the insertion of a sol-
vent shell of ACN molecules between the photofragments or due
to the interaction of the cation with the polar SO; headgroups of
the AOT molecules. The much longer lasting geminate recombina-
tion of the cations with the PPhs leaving group in the micelle is a
strong indication for the impact of the spatial restrictions to the
process.

Although the decay of cation population in the bulk (88 ps) is
much faster than in RMs (700 ps), the total efficiency of the loss
process is much lower in bulk (20%) compared to that in RMs
(55%). To understand this issue better, the rates for geminate
recombination and the rate associated with its termination have
to be determined. Since the formed cations can either undergo
geminate recombination, or diffusional separation and/or rota-
tional reorientation into a non-reactive conformation (Figure 5),
the observed rate ke, of (88 ps)~! in bulk and (700 ps)~! in RMs
is the sum of two rates: the rate for geminate recombination kgg
and the rate for the transition into a non-reactive conformation
(e.g. via diffusion or rotation) kpr. The intrinsic rate kpg turns
out to be (110 ps)~! in bulk and (1460 ps)~! in RMs (see Supple-
mentary material for details). This indicates that the spatial restric-
tions in the RMs keeps the cation and leaving group in a close and
reactive conformation for a longer period of time explaining the
difference in cation loss efficiency. Although the micellar environ-
ment slows down the geminate recombination from (450 ps)~! in
bulk to (1350 ps)~! in RMs, the overall efficiency is dominated by
the much longer time the fragments spend in the reactive confor-
mation. However, a small part goes into a non-reactive conforma-
tion. In this state the cations survive at least for several
nanoseconds as seen in the global fit.

The evaluation of the cation dynamics via global fits, peak shifts
and intrinsic rate determination shows, that the geminate recom-
bination in the enclosed environment of a reverse micelle is signif-
icantly prolonged and also more efficient compared to the bulk
solvent as the components of the geminate pair are prevented from
diffusing apart. However, the intrinsic rate of geminate recombina-
tion is slower in the reverse micelle than in solution. The origin of
this slowing down can be rationalized by the influence of the re-
verse micelle on the properties of the encapsulated solvent pool.
Several studies have shown that the solvent polarity is lower in
the micellar environment compared to the bulk [5,18]. A polar sol-
vent stabilizes both the benzhydryl cation as well as the product of
the geminate recombination (BMe,PPhy), as they are both charged.
While in the product BMe,PPh;, the charge is localized on the
phosphorus atom, in the cation the positive charge is delocalized

Figure 5. The shape of the Van der Waals radii of the photofragments drawn to
scale with the reverse micelle inner diameter. The diffusion of the fragments is
severely hindered by spatial restrictions. Additionally, the rotations about the x and
z axes which cause the unfavorable orientation of PPh; with respect to the
benzhydryl cation are hindered and therefore the geminate recombination yield is
enhanced compared to the bulk.

over the entire molecule. As the solvation energy is lowered by
an increased charge distribution [32], the positive charge is better
stabilized in the product than in the cation. Therefore lowering the
solvent polarity slows down the geminate recombination. To test
the influence of solvent polarity on the rate of geminate recombi-
nation, we have carried out transient absorption measurements on
the unsubstituted benzhydryl derivative BPPh; BF, in different sol-
vents. We observe that the intrinsic geminate recombination rate
slows down from (370 ps)~! to (890 ps)~! when going from aceto-
nitrile (¢ = 35.9) to dichloromethane (¢ = 8.9).

The time constant of 700 ps observed in the ACN/AOT/cyclopen-
tane system is also associated with a small rise of the radical signa-
ture at 338 nm (Figure 6a and Supplementary Figure S5). However,
the formation of benzhydryl radicals is only a minor process. From
the radical and cation amplitudes of the 700 ps DADS and the
extinction coefficients of the benzhydryl radical and cation pub-
lished by Bartl et al. [19] (52500 L mol ! cm™! for the radical
and 74 100 L mol~! cm™! for the cation), we can derive that the fi-
nal radical population is only 12% of the initial cation population.
The exact mechanism behind this concerted rise and fall of radical
and cation population is still not clear. We suggest that the benz-
hydryl radicals are generated by an electron transfer reaction
involving the SO; head groups of the surfactant molecules at the
micellar interface. Other electron sources can be ruled out, since
the counterion BF, is known to be hardly oxidizable [33] and elec-
tron transfer from PPhs to the benzhydryl cation is highly endo-
thermic (AGgr = 92 kJ/mol) [34]. To test if the sulfonate groups at
the micellar interface can act as electron donors, we performed
transient experiments of BMe,PPh; BF, dissolved in bulk ACN with
excess tetraethylammonium methanesulfonate. As in the reverse
micelle, we observe a delayed rise of radical signal (see Figure
6b). The amplitudes of the radical band obtained after a pump-
probe delay of 1500 ps increase with increasing concentration of
the methanesulfonate. Thus, it is probably the SO; head groups
of the AOT molecules which play a role as electron donors in the
formation of benzhydryl radicals in the RMs.
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Figure 6. (a) Comparison of the temporal evolution of the cation and radical
absorbance changes in ACN/AOT/cyclopentane reverse micelles (w = 4). (b) Tran-
sient spectra of BMe,PPhjBF, in bulk ACN with excess tetraethylammonium
methanesulfonate after a delay of 1500 ps.

4. Conclusion

In summary, we have successfully performed femtosecond
pump-probe spectroscopy on the photodynamics after bond cleav-
age of the triphenyl phosphonium salt BMe,PPh; BF, encapsulated
in ACN reverse micellar nanopools. The reaction scheme arising
from the data is shown in Figure 7. The reported results expand
the range of processes investigated in RMs to a true ground state
bimolecular reaction. The bond formation in the confined environ-
ment of a reverse micelle is slowed down, but in total largely en-
hanced. The present work highlights the feasibility of transient
studies in the UV using reverse micelles, thus, opening up a whole
new arena for investigation of the dynamics of photochemical pro-
cesses under encapsulation. The small volumes available in RMs
allow for the spectroscopic investigation of a single molecule in
an isolated environment. Due to the bulkiness of the photofrag-
ments, material exchange during diffusional encounters of RMs
as observed in Ref. [35] can be ruled out. Compared to the bulk
we observe an enhanced geminate recombination of the photofrag-
ments, as the tight conditions in the RM (see Figure 5) keep cation
and leaving group in close proximity for a much longer period of
time. The size estimations of the photofragments with respect to
the RM pool (see Supplementary Table S1) suggest that also the
rotation of the fragments are hindered. Therefore the transition
to a mutual orientation of PPh; and the benzhydryl cation unfavor-
able for bond formation seems generally inhibited. However, a
small fraction of the cations does not undergo geminate recombi-
nation and lives for at least several nanoseconds. We suspect, that
some of the generated photofragments, can rotate into an orienta-
tion preventing geminate recombination, in spite of the spatial
restrictions. We envision that broad band time-resolved and
anisotropy measurements reaching into the high nanosecond to
microsecond regime can shed light on the nature of this unreactive
species.
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: PP.h3
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PPh3 unreactive, long-
I lived fragments
BMe,

Figure 7. Reaction scheme of BMe,PPh;BF, in ACN/AOT/cyclopentane reverse
micelles. The red dots represent the position of the benzhydryl C and PPh; P centers
forming the C-P bond. The reaction steps are as follows: (1) Photoinduced C-P bond
cleavage, (2) geminate recombination of the photofragments, (3) electron transfer
from the SO; head groups of the AOT molecules to the benzhydryl cation BMe; and
(4) formation of long lived fragments.

The promotion of a reaction via restriction of substrate mobility
is one of the concepts on which enzyme catalysis is based. Thus,
RMs represent a first step towards the development of biomimetic
nanoreactors. There is much more to enzymatic catalysis than
keeping reactants together. Specific active groups in the enzyme
pocket can lower the activation energy for product formation. Fu-
ture investigations will therefore be directed towards the function-
alization of the inner wall of the reverse micelles for further
promotion of the desired chemical reaction.
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Dynamic light scattering experiment

The hydrodynamic diameters of the empty and loaded reverse micelles were estimated using
dynamic light scattering measurements (Malvern Zetasizer Nano equipped with a 4 mW He-
Ne laser (633 nm) and an avalanche photodiode detector, 10 runs were averaged). The
average diameters lie in the range 3.35 + 0.8 nm, at least 90% of the reverse micelles lie in
this size distribution zone. A few are obviously above and below this size range. This matches
very well with the values reported in literature. The empty reverse micelles were of slightly

smaller size as expected.

~~

Number (%

1 2 3 4 5 678910
Hydrodynamic diameter (nm)

Fig. S1  Size distribution histogram of the ACN/AOT/cyclopentane reverse micelles at
w = 4 loaded with BMe,PPh; BF,".

S3

Transient absorption spectra

In both investigated systems, BMe,PPh;'BF,” in bulk ACN and in ACN/AOT/cyclopentane
reverse micelles, the appearance of a long-lived product band around 465 nm is observed after
UV excitation which can be ascribed to the benzhydryl cation. In the ACN/AOT/cyclopentane
RM system we additionally observe a weak band at 338 nm analogous to the band position of

the benzhydryl radical at later time delays.

1600 ps time delay

Omzo:/V

(i)
06} Radical

0.4 (il

AOD (normalized)

0.2

0.0

300 350 400 450 500 A (nm) 600

Fig. S2  Transient absorption spectra of BMe,PPh; ‘BF,” after 600 ps time delay in (i) bulk
ACN and (ii) ACN/AOT/cyclopentane reverse micelles, w = 4 (normalized at the

cation band position).
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Transient absorption measurement and global fit data for BMe,PPh; BF " in RMs
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Fig.S5 (a) Color map of the transient absorption of BMe,PPh;'BF,” in
ACN/AOT/cyclopentane reverse micelles, w = 4; warm colors represent positive
and cold colors represent negative absorption changes. The time axis is linear up to
1 ps and logarithmic for longer delays. The pink box highlights the intense solvent
artifact not displayed in Figure 3. (b) Time traces at the radical (338 nm) and
cation (463 nm) spectral positions (dotted lines in (a)). (c) Spectral cuts at selected
delay times. (d) Decay associated difference spectra from the global fit.
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Transient absorption measurement and global fit data for BMe;PPh;'BF " in bulk ACN

Fig. S6
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(a) Color map of the transient absorption of BMe,PPh; 'BF4” in bulk CAN; warm
colors represent positive and cold colors represent negative absorption changes.
The time axis is linear up to 1 ps and logarithmic for longer delays. (b) Time traces
at the radical (338 nm) and cation (463 nm) spectral positions (dotted lines in (a)).
(c) Spectral cuts at selected delay times. (d) Decay associated difference spectra

from the global fit.
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Component sizes

To gain an overview of the spatial conditions inside the investigated reverse micelles, size
estimations of the various components were done. Since the radius of the RM is only slightly
larger than one BMe,PPh;" molecule it can be inferred that encapsulation of more than one of
these precursors can be ruled out. The investigated RM therefore consists of approximately 60

AOT molecules, 60 Na*, a single BMe,PPh; 'BF4~ and about 40 ACN molecules.

Table S1: Onsager radii and volumes calculated on optimised geometries of the components
contained in the RM at the B3LYP/6-31G** level of theory. For the RM the radius

is obtained from DLS (dynamic light scattering) measurements.

BMe,PPh;" BMe," PPh; ACN RM pool
Radius (A) 6.09 4.77 5.26 3.10 8.75
3
w\\_oq_waw M_os ) 055x10%  024x102 034x10%  0056x10%  285x 107!
Olar VOIIME 33 593 147.128 204.153 33.432 -
(cm’/mol)
Number 51 (w/o precursor)

42 (w/ precursor)
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ABSTRACT: The identification of the transition state or a short-lived
intermediate of a chemical reaction is essential for the understanding of
the mechanism. For a direct identification typically transient optical
spectroscopy is used, preferentially with high temporal resolution. We
combine broad-band femtosecond transient absorption measurements
and on-the-fly molecular dynamics calculations to decipher the
microscopic evolution of the geometry and solvation of photogenerated
benzhydryl cations (Ar,CH', Ar = phenyl, p-tolyl, m-fluorophenyl, or

ether product

m,m’-difluorophenyl) in bulk solution. From the high level quantum

chemical calculations on the microsolvated cation we can deduce a narrowing and blue shift of the cation absorption that is nearly
quantitatively equal to the experimental finding. The roughly 300 fs initial increase in the absorption signal found for all
investigated combinations of benzhydryl chlorides or phosphonium salts as benzhydryl cation precursors and solvents is therefore
assigned to the planarization and solvation of the nascent fragment of the bond cleavage. The actual cleavage time cannot directly
be deduced from the rise of the spectroscopic signal. For alcohols as solvent, the cation combines on the picosecond time scale
either with one of the solvent molecules to the ether or to a lesser degree geminately with the leaving group. The study shows
that the absorption signal attributable to a species like the benzhydryl cation does not mirror the concentration during the first
instances of the process. Rather, the signal is determined by the geometrical relaxation of the photoproduct and the response of

the solvent.

I. INTRODUCTION

Nucleophilic substitution reactions are at the very heart of
chemistry and reactivity. The attack of a nucleophile can be
preceded by the formation of a well-defined intermediate,
typically a carbocation, through heterolytic bond cleavage. This
stepwise Syl reaction seems easily distinguished from the
concerted Sy2 reaction where no stabilized intermediate is
formed but rather a transition complex develops from the two
reactants for a very short time. In the borderline case between
Sx1 and Sy2 it may be difficult to distinguish between a very
short-lived carbocation and a true transition state. The situation
becomes even more puzzling as the search for a signature of the
intermediate becomes not only technically challenging, but also
conceptually.

As has been pointed out, the study of the transition state is
highly challenging due to the short duration of its existence.' *
Only a time of 100 fs or less is considered. In this study we
describe the generation of very short-lived carbocations and
how their absorption signal evolves after their generation. The
most direct detection scheme for reactions on such a fast time
scale is ultrafast transient absorption spectroscopy. It can
nowadays readily render a temporal resolution well below 100
fs-at least in the visible and UV.’ The mere observation of
femtosecond absorbance changes does, however, not imply the
desired information about the existence and concentration

W ACS Publications  © Xxxx American Chemical Society

evolution of the short-lived species. On the time scale of tens to
hundreds of femtoseconds, the nuclear motion that is at the
very heart of chemical transformations, will not only change the
geometry of the observed moiety but also its electronic
structure and energetics. A similar situation has recently been
discussed for femtosecond resolved photoelectron spectrosco-
py.° The macroscopic experiment only monitors the optical
transitions between the evolving states, a complex convolution
of the microscopic properties. In addition, solvation by a polar
solvent will proceed on the same time scale’ and shift the
energy levels of the reactants, intermediates and products in a
complicated fashion. So far, solvation has mainly been discussed
for nonreactive dye molecules and studies combining chemical
reactivity and solvation only slowly emerge.*”

A theoretical study on small gas phase molecules might come
quickly to a decision how the reaction proceeds in detail, as the
potential hypersurface can be scanned with the needed
precision. Associated spectroscopic investigations of such
isolated systems have been quite successful.”'® For most
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bimolecular reactions in solution, the diffusional encounter of
the reactants limits the temporal resolution of the experimental
observation to the nanosecond regime and therefore can only
provide indirect evidence.

We now report a combined experimental and theoretical
study that is designed to address many of the mentioned issues.
By irradiation of benzhydryl chlorides or benzhydryl
triphenylphosphonium salts with femtosecond UV pulses, we
generate benzhydryl cations in times well below one pico-
second.""'> The evolving absorption signatures are then
monitored over a very broad range spanning from 285 to 700
nm which encompasses the absorbance band of the benzhydryl
cation in the visible. We show that formation of the signals is
practically independent of the cation reactivity and the solvent.
Because the use of alcohols as solvent offers the unique
opportunity to observe a subsequent combination reaction to
the ether without the need for diffusion, we choose methanol as
specific model.

A microsolvation model is developed to interpret the
experimental findings (Figure 1). After photolytic cleavage of

.OH
LG H\c LTS
H"/ ~OH H™/ H
H H H q
Hsc *y HY
H~-L ~OH 1~ C~OH
( H
R! \ RZ . H H
HO H \é,
~'c-H I, St s
J{ H HO-C—H 1 H HO\-)
¢ +
H
H,cO —
Y.-H
pa®
R %0

Figure 1. Reaction scheme for the photo-Sy1 reaction of benzhydryl
derivatives. The benzhydryl cation initially has the same geometry and
solvent shell (indicated by the blue CH;OH molecules) as the
benzhydryl moiety in the precursor. The arrows symbolize the
planarization of the benzhydryl cations (red) and the adaption of the
solvent molecules to the evolving charge distribution (blue).

the precursor Ar,CH—LG, the photoleaving group LG™ (green)
is separated from the benzhydryl cation Ar,CH" (red), which
initially has the same geometry and solvent shell as the
benzhydryl moiety in the precursor (indicated by the blue
CH;0H molecules). Ar here stands for an aryl group, an
aromatic hydrocarbon with one of the hydrogen atoms
removed from a ring carbon atom. Subsequently, the
benzhydryl cation relaxes and planarizes (red arrows), while
the solvent shell simultaneously adapts to the new charge
distribution (blue arrows). Nucleophilic attack of one of the
CH,OH molecules on the benzhydryl cation (black arrow) and
subsequent deprotonation yield the benzhydryl methyl ether as
the final reaction product. For this combination of solute and a
limited number of small solvent molecules on-the-fly molecular
dynamics simulations'® are just possible. Both the solute and
the solvent molecules are treated quantum chemically. From

the manifold of trajectories microscopic insights as well as the
macroscopic observables can be deduced and compared with
the measurements. The aim of the study is the identification
and deep qualitative understanding of the complex series of
mechanism and reactions steps.

We do not aim at a complete quantitative reproduction of all
details of the experiment. What is much more important is the
realization that the absorption signal attributable to the
benzhydryl cation does not mirror the concentration in the
first few hundreds of femtoseconds. Instead, the signal is
determined by the planarization of the cation and the response
of the solvent. Strictly speaking the phototriggering of the
reaction does not exactly study a Sy type reaction, it is,
however, the closest we can get at present to the real time
observation of the elementary reaction process.

Il. EXPERIMENTAL METHODS

Femtosecond Transient Absorption Measurements.
The details of the femtosecond transient absorption setup have
been described in ref S. For the measurements presented here,
solutions of the precursors were pumped through a flow cell of
120 pm optical path length and excited at 270 or 280 nm
corresponding to the maximum of the first absorption band of
the benzhydryl chlorides or benzhydryl phosphonium salts. The
pulses with an energy of about 200 nJ and a pulse length of ~35
fs were focused down to a diameter of ~100 ym. A CaF,
continuum spanning from 290 to 700 nm and polarized at the
magic angle was used as probe light. The temporal resolution
was ~100 fs. The concentration of the benzhydryl chloride
solutions was ~3 X 107> M, and that of the phosphonium salt
solutions, ~5 X 107 M, leading to an absorbance at the
excitation wavelength of 0.1—0.3. The fraction of excited
precursor molecules in the pumped volume was <2%.

Peak Shift Determination. The benzhydryl cation band
observed after photolysis of benzhydryl chlorides undergoes
small, time-dependent peak shifts already identifiable to the
bare eye at close inspection. For a quantitative determination of
the peak shift, one needs a consistent measure for the position
at many delay times. We therefore employed an iterative fitting
algorithm on the complete transient absorption data allowing
for the determination of the cation band position for every time
delay measured. The algorithm first fits a parabola to the band
within a given, sufficiently large interval. The fitted maxima for
every time delay are then taken as the middle of a new, smaller
interval on which the parabola is fitted again. We do not have
an a priori knowledge of the band shape and the reliable
calculation of the center of gravity of the band is precluded
both by a possible sloping background due to the time
dependent excited state absorption and by the overlap between
the radical and cation band. The maximum can, however, be
well approximated by a parabola and this leads to a measure of
the band position of the photoproducts with an uncertainty
smaller than 0.1 nm. Any deviation of this choice of band
position from another reasonable definition will at most lead to
a systematic additive value that is constant for all delay times.

Multiexponential Fit. The majority of the transient
absorption curves shown in Figure 2 can be fitted with a
single exponential for the initial rise within the first pico-
seconds. An additional exponential decay with a time constant
of about 150 ps is found for the cations and can be assigned to
geminate recombination.'” Similarly, a stretched exponential
with an average time of 20 ps is found for the radicals.
However, some of the initial cation signal rises have to be

dx.doi.org/10.1021/jp300986t | J. Phys. Chem. A XXXX, XXX, XXX—XXX
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modeled by a biexponential model function. The additional
time constant of about 10 ps can be assigned to the generation
of extra cations by electron transfer within the radical pair."!
Numerically, the 300 fs and the 10 ps time constants can be
well separated and therefore the determination of the 300 fs
constant is not impeded.

lll. EXPERIMENTAL OBSERVATIONS

Photolysis of Ar,CH—CI'* or Ar,CH-PR;" '* yields benzhydr-
yl cations Ar,CH" and/or benzhydryl radicals Ar,CH® as the
primary photoproducts. The photoinduced bond cleavage of
benzhydryl chloride (Ph,CH—CI) has been shown to proceed
on the subpicosecond time scale’® due to easily accessible
conical intersections'” and can be best observed by ultrafast
transient absorption spectroscopy. The photocleavage of other
precursors Ar,CH—Cl and Ar,CH—PR;" proceeds on a similar
time scale. The first absorption band of all precursors is located
around 270 nm irrespective of the substituents on the aryl rings,
the photoleaving group, and the solvent. The first strong
absorptions of the generated photoproducts are the Dy < D,
transition around 330 nm for the radical Ar,CH® and the S; «
S, transition around 435 nm for the cation Ar,CH"."* The
cation band can be determined from measurements of the
persistent carbocations in concentrated sulfuric acid.'* Because
the UV/vis absorption bands of both photoproducts and the
precursor absorption are all well separated, the bond cleavage
dynamics and possible subsequent processes can be distin-
guished well.

We carried out measurements with a femtosecond
spectrometer as described above. The absorption spectrum of
benzhydryl chloride Ph,CHCI is shown in Figure 2a together
with the transient spectrum at S ps (see Chart 1 for details on
the compounds and Table 1 for the compound—solvent
numbering). The pronounced band around 435 nm is the
signature of the benzhydryl cation Ph,CH" and the band at 330
nm the signature for the benzhydryl radical Ph,CH®. According
to standard procedures the integral strength of these bands
should be proportional to the respective product concentration.

Figure 2b displays the time-dependent absorbances of
various benzhydryl cations Ar,CH® determined at their
respective A o, Which we obtained after irradiation of different
diphenylmethyl derivatives (Chart 1) in various solvents. The
combinations were chosen to sample a large range of molecular
and solvation properties. In Figure 2c, the dynamics of the
radical absorption band at the respective A,,gi, is shown. The
curves are displayed with small scaling factors and an
incremental offset for easier comparison. Signal contributions
around zero delay time that can be attributed to the solvent
response were determined by reference measurements and
subtracted from the raw data according to standard procedure.
In all cases we find a signal rise with an effective time constant
of around 300 fs (see Table 1 for the time constants fitted to
the initial signal rise). In some solutions there is an additional
slower rise of the cation signal and an associated decrease of the
radical signal due to electron transfer in the geminate Ar,CH®/
Cl°® radical pair."®"

The very high similarity of the dynamics despite the largely
differing reactivities of the cations””*' and the range of solvents
used is surprising. Attempts to correlate the small variation in
times with the solvent polarity and viscosity, or the electro-
philicity of the cation, produced no significant result. Even
though the cation reactivity is a property of the electronic
ground state, one would still expect a rather large varjation of
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Figure 2. (a) Steady state absorption spectrum (black line) of
Ph,CHCI in CH;CN and the benzhydryl radical and cation band
observed S ps after UV excitation. (b) Initial increase of the
absorbance signal within the first picosecond at the wavelength of
the cation band and (c) of the radical band. The displayed
compound—solvent combinations are as numbered in Table 1. The
time constants fitted to this initial increase are given in Table 1, the
solid lines in (b) and (c) are the fitted model. The partially observed
increase of the cation signal beyond 1 ps is assigned to the inter-radical
electron transfer (see text).

the bond cleavage dynamics with the electron withdrawing or
donating substituents. These can be expected to alter the
conical intersections that are known to cause the ultrafast
dynamics.'”** Furthermore, the negligible influence of the
solvent on the time constant implies that the early dynamics
cannot be explained solely by solvation.

On closer inspection, the peak positions in the transient
absorption spectra are found to shift with the temporal delay.
This could be due to the solvation dynamics and geometric
relaxation in the molecules. To determine the peak shift from
the transient spectra, we use the protocol explained above. The
resulting cation peak shift is depicted in Figure 3a for
mfp(Ph)CHCI in methanol. We find a pronounced shift of
16 nm within the first picosecond. A Gaussian fit (see eq 3
below) shows that 50% of the shift is reached at t;,, = 500 fs. A
Gaussian fit and not the more common exponential is used to
reflect the inertial asgect of the ultrafast process underlying the
temporal evolution.”

The value of 500 fs is reasonably close to the 300 fs time
constant found for the increase of the cation respectively radical
signal in all investigated systems. Such a coincidence is not very
likely fortuitous, and it has to be investigated in detail whether
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Chart 1. Benzhydryl Chlorides and Phosphonium Salts
Studied in This Work

compound abbreviation
Cl
(tol),CH-CI
Cl
Ph,CH-CI
Cl
F mfp(Ph)CH-CI
Cl
F F
O O dfp(mfp)CH-CI
F
*PPh, BFy
tol(Ph)CH-PPh;” BF,~
“PPhg BF4
FF (mfp):CH-PPh;" BF,"
*P(CH);
F F
(dfp)CH-P(CH:)s"
F F

the simple interpretation of the signal rise as population
dynamics is justified. Because purely experimental observables
for the product population are not available on the subpico-
second time scale, we will resort to a close comparison with the
results of a theoretical investigation.

Before we proceed to the theoretical modeling, we briefly
comment the decrease in absorption signal seen in Figure 3b.
We find the mfp(Ph)CH" cation and other highly electrophilic
carbocations to react extremely fast with methanol’* and thus
the observable cation absorption is short-lived. Within the first
picosecond, a rise of the cation band is observed, which is
followed by a decrease in about 20 ps. By changing the
substituents on the aryl rings of the precursor, we generate
differing cations with largely varying reactivity. In this way we
can vary the speed of combination with the alcohol and thereby
separate the combination process from the early generation
steps experimentally, just as the theory can dissect the complex
dynamics by a detailed analysis.
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Figure 3. (a) Peak shift of mfp(Ph)CH" in methanol. The band
maximum (black dots) shifts to shorter wavelengths. The temporal
behavior can be fitted with a Gaussian function (red line) according to
eq 3. (b) Transient spectra of the mfp(Ph)CH" cation in methanol
after 270 nm excitation showing a pronounced blue shift. The overall
decrease of the band can be assigned to the reaction of the cation with
the alcohol. Note that the time scale in (b) switches from linear to
logarithmic at 1000 fs.

IV. MODELING OF THE MICROSOLVATION,
GEOMETRIC RELAXATION, AND REACTION WITH
METHANOL

The experimental results on the initial 300 fs absorbance signal
formation in the ultrafast bond cleavage of benzhydryl
derivatives point at a close interplay between geometric
relaxation of the fragments, solvation, and eventual reaction
with an alcohol as solvent. For the theoretical modeling of all
three steps the solute has to be treated quantum chemically and
this is possible with high level methods for the size of
benzhydryl derivatives considered. In particular, the relevant
relaxation of the fragments already proceeds on the electronic
ground state and this further facilitates the calculations. The
surrounding bulk solvent cannot yet be treated fully quantum
chemically and we therefore choose a microsolvation approach.
The two approaches are combined in on-the-fly molecular
dynamics (MD) simulations.'®> Within the on-the-fly dynamics
we explicitly consider the solvation dynamics, the intra-
molecular relaxation and the electrophile—nucleophile bond
formation. With appropriate correlation functions we analyze
the relaxation process and quantify the accuracy of the

Table 1. Exponential Time Constant 7 Fitted to the Initial Signal Increase of the Photogenerated Benzhydryl Cations and
Radicals for the Compound—Solvent Combinations Shown in Figure 2

cation radical

no. precursor solvent 7 (fs) no. precursor solvent 7 (fs)
1 tol(Ph)CH-PPh, 'BE, CH,OH 379 7 Ph,CHCI butyronitrile 384
2 mfp(Ph)CHCI CH,CN 321 2 mfp(Ph)CHCI CH,CN 283
3 (mfp),CH-PPh,*BE,” CH,OH 322 8 Ph,CHCI CHC, 258
4 mfp(Ph)CHCI CH;OH 225 4 mfp(Ph)CHCI CH,OH 420
5 dfp(mfp)CHCI CH,CN 255 0 Ph,CHCI CH,CN 295
6 Ph,CHCI CH,OH 278 10 (tol),CHCI CH,Cl, 274
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microsolvation approach. The calculations are limited to the
case of the cation, because it is the one that can react with the
alcohols. The relaxation of the radical can safely be expected to
proceed in analogy.

To describe the microsolvation, we determine in a first step
how many methanol (CH;0H) molecules are needed for a
complete first solvation shell. Nine certainly turns out to be
sufficient whereas eight seems to be marginal. Therefore, two
precursor systems (dfp),CH—P(CH;);*-8CH;OH and
(dfp),CH—P(CH;);**9CH;OH are used to determine the
equilibrium geometry and investigate the main characteristics of
the microsolvated precursor. The choice of two different
precursor clusters accounts for the fact that a first solvation
shell is not uniquely defined and can take up more than one
configuration. The quantum chemical methods used were
tested with smaller benzhydryl cation/methanol clusters
(Supporting Information). Between themselves the solvent
molecules form a pronounced intersolvent hydrogen bond
network; the coordination toward the F-atoms is only weakly
developed. In a next step the bond between the central methyl
carbon and the phosphorus atom in the phosphine leaving
group is broken with the geometries of the benzhydryl moiety
and of the methanol molecules kept constant. The resulting
model system with eight/nine methanol molecules is denoted
by MS. Finally, an ensemble MS,. = {MS,(0)} of i = 1, 2, ...,
4S nonequilibrium start geometries for the on-the-fly MD
simulations is chosen to mimic the nascent microsolvated
benzhydryl cation, half with eight and half with nine methanols.
For a discussion of bond lengths, strength of H-bonds and the
importance of dispersion corrected functionals see Supporting
Information.

On-the-Fly MD. The dynamics of the nascent micro-
solvated benzhydryl cation is simulated by on-the-fly MD. The
method requires an energy and a gradient calculation at every
time-step (At = 1 fs) but avoids the construction of global
potential energy surfaces. The energies and §radients are
calculated on the RI-BLYP-D level of theory,”> ™" using a split
valence double- basis set (def-SV(P)). The accuracy of the RI-
BLYP-D method is tested against different functionals and MP2
(for details see Supporting Information). The resulting
equations of motion of the nuclei are calculated with the
Newton-X package."® This yields the temporal development of
both the intermolecular and intramolecular nuclear positions
and velocities.

To initiate the dynamics of MS,,, the leaving group
P(CH,), is placed at a distance of 5.0 A from the central C-
atom (Figure 1). The position and orientation of the methanol
molecules is left unaltered. We thereby assume that the ultrafast
bond cleavage proceeds faster than the intramolecular
relaxation."”"”** The initial velocities are generated by
depositing the excitation energy E,, = 4.8 eV (4 = 258 nm)
as kinetic energy equally in all degrees of freedom> (for details
see Supporting Information). Due to the dissociative character
of the excited state potential energy surface, we assume that
most of the excitation energy is directly converted into kinetic
energy of the dissociating fragments within 200 fs."” The error
due to the neglect of the ground state dissociation enthalpy is
estimated to be only 10%. In the liquid phase, the fragments are
confined in the first solvation shell and the kinetic energy is
transferred by elastic scattering from the solute to the solvent
molecules. The subsequent redistribution within the solute and
solvent vibrational modes is obtained from the MD trajectories.
All 45 trajectories lead to bond formation by attack of CH;0H

or P(CHj;); within 4 ps. The temporal evolution is compared in
section IV to the experimental observables like transient spectra
and population relaxation.

The bond formation in all trajectories within the 4 ps
window is due to the extremely high reactivity of the
tetrafluoro-substituted cation (dfp),CH*. This cation was
chosen intentionally to avoid even higher computational costs
and inaccuracy for longer propagations. Still we are quite
confident that more general conclusions can be drawn from this
one example. This is due to the fact that the quantum chemical
topology does not change much with the substituents.

The electronically excited 7—z* states of the microsolvated
(dfp),CH" cation are needed along the on-the-fly MD
trajectories to evaluate the time-resolved UV—vis spectra
Stv—vis(t;A). The excitation energies and transition moments
are determined by TD-DFT calculations®* ™3¢ at the evolving
geometry, the used B-LYP functional has been shown
previously to yield reasonable results for excitation energies®’
owing to fortuitous cancellation of errors>® (for details see
Supporting Information).

Solvent Response to the Photolytic Bond Cleavage
and Combination Reaction. For the analysis of the
geometric changes along the MD trajectories we define
appropriate correlation functions. The intersolvent radial
correlation function Cg(t) monitors the microscopic dynamics
of the individual trajectory. This information is not directly
accessible in an experiment. Therefore, we use the system-bath
correlation function Cg/gp(t), which establishes the link to
experimental observables in the solvation process and validates
the microsolvation approach by a comparison with the
characteristic librational solvation time. )

Intersolvent Radial Correlation Function Cl(t). The
nonequilibrium geometry of MS, induces structural reorgan-
ization processes in the solvent. A qualitative picture of these
processes is provided by movies of the trajectories (for an
example see Supporting Information). A quantitative descrip-
tion is given by the intersolvent radial correlation function

Cisr(t)

7(t) 7 (t
et = 2D s
7(0)-7.(0) (1)
where 7,j(t) and 7;(t) are the distances between the solvent
molecule i and solvent molecules j and k measured at the
oxygen atoms at time £ 7;(0) is the equilibrium distance in the
MS. The oxygen—oxygen distances, rather than carbon—carbon
distances are chosen as the solvent interaction is mainly
determined by dipolar hydrogen bond interactions. The value
of the correlation function is changed by a change both in the
distance between the solvent molecules and also in the relative
orientation. It thus describes the spatial motion of the solvent
molecules relative to each other. The first solvation shell of the
MSs spans a hydrogen bond network without branching; thus
three indices are sufficient to characterize the correlation. A
decrease in C(f) reflects the reorganization within the
hydrogen-bond network.

Solvation Correlation Function Cg,,(t). From the MD
simulations, the system-bath correlation function Cg,ss(t) can
be calculated according to

(E(t) — E(c0))

Corsnl) = 1 5(0) = B(oo)) ®
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where E(t) is the potential energy at a given time #, E(c0) is the
potential energy at the end of the simulation (t = 4 ps), and
(AE) means averaging over the set of trajectories. The Fourier
transform of Cgp(t) gives the total spectral density Cg/gs(®).
To extract the experimentally accessible solvation correlation
function Cgg,(t), the intramolecular high frequency compo-
nents of the solute and the solvent have to be eliminated.
Therefore, we apply a low pass filter to Cgs(w) (ie., a
Heaviside step function with a cutoff frequency of S00 cm™")
and obtain the solvation spectral density Cgy,(®). Inverse
Fourier transformation of Cg,,(®@) yields the solvation
correlation function Cg,(t) describing the macroscopic solute
solvent reorganization.

Csoy(t) can be monitored in the spectral response function of
experiments like the time-resolved Stokes shift demonstrated
for complex systems>>*° and biomolecules.*' Electronic photon
echo experiments*>** provide even more detailed information
on the spectral response function, measured as the electronic
transition frequency fluctuation. Hereby the solvent dynamics
can be discriminated from internal system dynamics. More
refined time-gated photon echo experiments** even allow us to
extract the system-bath correlation function Cgsp(t) with the
help of analytical models.*® The solvation dynamics and
subsequent chemical changes of the sample can also be
determined by transient optical spectroscopy and in particular
peak shifts.

The solvation correlation function Cs,,(t) is often
dominated by an ultrafast subpicosecond component, which
resembles a Gaussian shape reflecting the inertial contribution,
and a slower component in the pico- to nanosecond
regime.zs’42 We focus on the ultrafast component, which is
mediated by the first solvation shell.***® The following function
Cg, (1) is fitted to Cgy,(t):

1 1(t—t)

Gﬂe}(p( 2( o ))+B 3)
characterizing the ultrafast component of the solvation process
by the time tp, = ¢ (2In2)"% The parameter t;, can be
directly compared to experimental data and classical MD
simulations and in this way we can test the accuracy of our
microsolvation approach. The parameter B accounts for the
offset in Cg,,(t) due to the examined chemical reaction, t,
accounts for a temporal shift modeling the initial intramolecular
processes preceding the solvation.

Cﬁt(t) =A

V. RESULTS OF THE CALCULATIONS AND
COMPARISON TO THE EXPERIMENT

Temporal Evolution of the Model System. The 45
calculated trajectories all show typical patterns that provide a
clear atomistic picture of the ultrafast dynamics following the
heterolytic bond cleavage in the microsolvated phosphonium
salt (dfp),CH—P(CH,);". An example of a trajectory is
depicted in Figure 4, where snapshots of the evolving MS
geometry at characteristic times are shown. The entire
trajectory is available as a movie in the Supporting Information.
Different periods can be identified: initially, intramolecular
relaxation starts within the benzhydryl cation (dfp),CH*. The
main relaxation coordinates are the sp>-hybridization of the
central C-atom and the low frequency torsion of the substituted
phenyl rings toward a planar benzhydryl geometry (compare
snapshot 1 and 2). The sp>-hybridization is reached after 200 fs,
strong oscillations in the rehybridization mode are preserved

7 o

» 6" ¢ 2500fs
e

.

Figure 4. Snapshots at characteristic times of a selected trajectory MS;.
The P(CH,), leaving group can be identified by the yellow color of
the phosphorus atom. The fluorine atoms at the benzhydryl cation
(dfp),CH" are labeled in green. The entire trajectory is available as a
movie in the Supporting Information. Every frame corresponds to a
time-step At = 1 fs, the bond formation is clearly seen at t = 1082 fs
(see lower left corner).

due to the remaining excess energy. The low-frequency torsion
of the substituted phenyl rings requires about 500 fs to reach
planarity. Also in the torsion coordinate the oscillatory motion
is preserved.

In parallel to the intramolecular solute relaxation, solvent
reorganization starts, which can be quantified by the correlation
function Cj5(t) (see eq 1) depicted in Figure S, which
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Figure S. Intersolvent radial correlation function Ci&(t) of the
oxygen—oxygen intersolvent vectorial distances of the trajectory
shown in Figure 4. The indices ijk indicate the respective molecule
in the first solvation shell (see eq 1). Characteristic features of the
reaction are highlighted with arrows.

describes the spatial motion of the solvent molecules relative to
each other; the indices ij,k refer to different CH;OH molecules.
From time t = 0 fs (snapshot 1) to t = 550 fs (snapshot 2) the
solvent molecules respond to the new charge distribution after
the bond cleavage. The resulting hindered rotation (=librational
motion) leads to a reordering within the hydrogen-bond
network and reduces the correlation between the solvent
molecules (see the steep decrease in Cjip(t) until t = 550 fs in
Figure S). After about 1 ps the lone pair of a solvent oxygen
atom acts as a nucleophile and forms a new bond with the
central C-atom of the benzhydryl cation. The bond formation is
indirectly visible in the solvent as decrease of Clix(t) of the
respective solvent molecule (see Ciga(t) at t = 1082 fs, red line).
Here the increased interaction between the attacking solvent
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and the solute molecule reduces the intersolvent interaction.
Subsequent to the nucleophile—electrophile bond formation, a
proton transfer is induced to neighboring solvent molecules
(see snapshot 4, t = 2000—2500 fs and full movie). The proton
transfer in turn induces reorganization in the hydrogen-bond
network and thus a decrease of the correlation functions CJ&(£)
of the two participating solvent molecules (here Ci&x(t) and
Ci38(t)). Finally, the solvent molecules adjust to the new charge
distribution of the formed benzhydryl methyl ether molecule.

At t = 0 fs the total excess energy E = 4.8 eV is statistically
distributed over the internal degrees of freedom in the MS,,..
Due to the different initial conditions similarities and
differences between the individual trajectories occur. All
trajectories show an electrophile—nucleophile bond formation
reaction within t = 4 ps. The majority of the trajectories
involves nucleophilic attack of a methanol molecule, whereas by
recombination with the leaving group P(CH,); (geminate
recombination) the starting material is also regenerated as
minor byproduct. Due to the fact that no kinetic energy is
allotted to translational motion of the fragments, an analysis of
the recombination reaction with the leaving group is beyond
the present model. For a quantitative study of the geminate
recombination, diffusion in a larger solvent volume would have
to be considered.

In this work we focus on the initial ultrafast relaxation and
solvation process within the first solvent shell together with the
bond formation reaction of the highly reactive benzhydryl
cation (dfp),CH* on a time scale much faster than bulk
diffusion. From the analysis of the trajectories we can deduce
that intramolecular relaxation of the solute, librational
relaxation and hydrogen-bond reorganization occur within the
first 4 ps. Which particular solvent molecule attacks the
benzhydryl cation, however, varies in the individual trajectories,
and so does the time when the bond is formed (700 fs to 2.2
ps). Interestingly, in all cases the conjugated benzhydryl cation
is fully developed before the reaction with CH;OH takes place.
Even the ultrafast reaction considered here, which proceeds far
below the diffusion limit, can therefore still be described as Sy1
type photosolvolysis.

Ensemble Behavior: Librational Relaxation. From the
individual trajectories we can extract information about reactive
modes, which are helpful for the mechanistic understanding but
not observable in a macroscopic experiment. Instead, the
ensemble dynamics has to be considered by averaging over all
trajectories and can be used to validate the microsolvation
approach. Directly accessible from the on-the-fly MD
simulations is the system-bath correlation function Cggp(t).
The results averaged over 30 trajectories that show formation of
the methyl ether are shown in Figure 6 as gray line. The decay
of the correlation is superimposed by high frequency
components arising solely from intramolecular vibrations. The
weekly modulated solvation correlation function Cgy,(t)
(Figure 6, red line) is obtained by applying a low pass filter
to Cg/sp(t)-

As reported for polar solvents, we find that the
shape of Cg.;,(t) resembles a Gaussian decay. Superimposed are
low frequency oscillations on the order of 30 cm™ from the
torsions of the phenyl rings in the benzhydryl cation. Similar
values for the torsional motion of phenyl rings have been
reported.”” The ultrafast initial rise (up to t = 100 fs) is an
intramolecular artifact still contained in Cg,,(t) and reflects the
relaxation of the MSy,, geometry. Part of the kinetic energy
deposited in the vibrational modes is converted to potential

7,42—44,46
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Figure 6. Initial solvent response showing the system-bath correlation
Cy/sp(t) (gray line), the solvation correlation Cg,,(t) (red line), and a
Gaussian fit Cg(t) of Cgy,(t) according to eq 3 (green line). Cg(t)
models the librational solvation process exclusively. The stepwise
decay in Cg,(t) and Cggp(t) is caused by the chemical reaction with
the solvent molecules.

energy. In this sense the on-the-fly MD simulations mirror a
situation opfosite to time-gated stimulated photon echo
experiments,” which are capable of monitoring the initial
components of Cg,(t). Here free induction decay-like
relaxation is observed in the solvation correlation function
after excitation by a spectrally broad pulse and the excess
potential energy is converted into kinetic energy.

The fit-function Cg(t) (eq 3) models the initial librational
solvent response (Figure 6, green line) and provides the
characteristic librational solvation time f;. The obtained value
te = 296 + S fs compares well with the reported experimental
data t;g gy, = 330 and 271 fs for two different dye-molecules in
CH,0H.”*

The solvation dynamics C,,,(t) extracted from the ensemble
of trajectories can now be compared to the experimental
observations reported in section III. The solvation is seen as
peak shift in the transient spectra. As the (dfp),CH" cation
reacts extremely fast with methanol and thus the observable
absorption is small and short-lived, we experimentally analyzed
the related, somewhat less reactive monofluoro-substituted
benzhydryl cation mfp(Ph)CH®. The precursor mfp(Ph)CHCI
was dissolved in methanol and excited to the first 7—7™* state
(Amax = 270 nm). Within the first picosecond, the cation
absorption band fully develops (Figure 2b, no. 4, and Figure 3).
The cation signal disappears again in about 20 ps due to the
reaction with methanol.

The experimentally observed shifts of A,, for the
mfp(Ph)CH" cation during the first 2000 fs are depicted in
Figure 3a. We find a pronounced blue shift of 16 nm; a fit
according to eq 3 gives a solvation time of t;,, = 507 fs (o = 430
fs). The origin shift ¢, of the Gaussian function Cg(t) is fixed to
the theoretically obtained value of 84 fs, which reflects the fact
that the geometric relaxation precedes the librational response.
The close agreement between the value for ty derived from
the experimental Cg(t) and the one from the Gaussian type
decay of Cg,,(t) in the theory quantitatively corroborates the
proper modeling of the first solvation shell® with eight and
nine CH;OH in our model system.

At t &~ 1100 fs a significant step in Cg/g5(t) and Cg,(t) can
be recognized (Figure 6). Around this time a sizable fraction of
the trajectories shows the beginning of bond formation
between a solvent molecule and the solute. The ensemble
data parallel the behavior of the individual trajectory shown in
Figures 4 and S. After t = 1100 fs the modulations in Cgy,(t)
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increase again due to the low frequency torsion of the aryl rings
reinforced within the generated protonated methyl ether. The
reaction leads to a stabilization of 0.43 eV. The initial solvation
stabilization within the first picosecond is about 0.84 eV.

Calculation of Time-Resolved UV-Vis Absorption
Spectra. The solvation correlation function Cg,,(t) discussed
so far reflects the librational solvation time f;, and the time of
the nucleophile attack. In the following section we extract the
spectroscopic UV—vis absorption signal of the benzhydryl
cation during its formation and decay from the on-the-fly MD
simulations. This signal is an often used probe for the existence
of an intermediate structure in Sy type reactions. The
prominent observable of the electrophile—nucleophile bond
formation reaction is the decrease of absorption of the
intermediate benzhydryl cation.>'"*** In the typical quasi-
equilibrium situation the signal properly monitors the
concentration of the intermediate cation. However, for the
fastest time scales it has to be kept in mind that the optical
absorbance is determined not only by the concentration but
also by the product of the concentration and the momentary
extinction coefficient. The latter can change on the femto-
second time scale as we will show below. This is particularly
important if the absorption signal is to be used to differentiate
between Syl and Sy2 type mechanisms—a subject of ongoing
discussion.”® Broad-band UV—vis pump—probe experiments
like the one reported above help to resolve the issue by directly
monitoring not only the transient absorption at a fixed
maximum but also the temporal evolution of the spectral
shape and the position of the band maximum.

The time-resolved UV—vis spectrum Syy_yis(£4) can be
readily derived from the on-the-fly MD results and allows a
direct comparison to the experiment. Every individual trajectory
MS; out of the total ensemble is sampled at time-steps At
to extract the actual geometry at time t (a sampling interval of
Atgmple = 100 fs is applied in the present situation). These
geometries are used to calculate the excitation energy Ay(it)
and the corresponding transition moment I(4yit) to the
excited singlet states in a TD-DFT**7® calculation. Every
electronic transition is subsequently modeled with a Gaussian
line width AD = 800 cm™ (corresponding to A4 ~ 15 nm) to
account for inhomogeneous broadening due to intermolecular
collisions. We want to emphasize that the line width AD is the
only empirical parameter entering the simulation protocol. All
other quantities are derived from density functional theory. The
obtained absorption spectra at time t are averaged over all n
trajectories. The final time-resolved spectrum Syy_yis(t4) is
expressed by

1 n
Sov-us(td) = = D [ / PX(Agyist)-G(2' Ag(ist)) ']

i=1

with

GV (i) = _1(”—_%(“))

1
N7y i B Yy
4)

With eq 4 we can follow the temporal evolution of the
benzhydryl cations’ electronic absorption spectra in a non-
equilibrium ensemble subsequent to the photolytic bond
cleavage.

The predicted time-resolved electronic absorption spectrum
of the microsolvated (dfp),CH" is presented in Figure 7a and
selected time slices of the signal in Figure 7b. At early times a
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Figure 7. Calculated transient absorption signal (oscillator strength) of
the microsolvated (dfp),CH" cation. (a) Calculated time-resolved
UV—vis spectrum Syy_y;s(t4). (b) Time slices of the signal taken at
times marked by the red lines in the left plot. The oscillator strength is
given in atomic units X107".

broad, but weak, band is already present (t = 100 fs, 370—460
nm; Figure 7). Within 600 fs this band narrows and increases in
intensity. At t = 700 fs the cation band reaches the maximal
intensity (see time slice 4 in Figure 7). The increase in the
signal intensity correlates with the intra- and intermolecular
relaxation processes, which lead to the formation of a planar,
stabilized benzhydryl cation (see previous sections). Thus the
rise of the observed transient cation signal is controlled by
solvent reorganization and solute relaxation stabilizing the
initially hot cation generated by the bond cleavage. It should be
kept in mind that the MD calculations start after bond cleavage.
This means that the increase in optical signal is not at all due to
an increase in cation concentration.

We find that the complete stabilization takes 700 fs, which is
significantly longer than the phototriggered bond cleavage,
calculated to be completed within 220 fs in the case of
benzhydryl chloride Ph,CH—CL'” Additionally, a blue shift of
20 nm of the absorption band from A4, = 460—440 nm is
observed within the first picosecond. This shift is caused by the
solvent stabilization and the intramolecular relaxation. The
magnitude of the shift, but not the temporal evolution, is also
accessible from electrostatic continuum model calculations®*>
on the isolated (dfp),CH" cation. It should be noted that the
values for solvation times and shifts of chemically stable
chromophores that also do not undergo any significant
geometric relaxation” are only one contribution to the complete
relaxation observations on the system discussed here.

In Table 2 the experimental and calculated absorption
spectra of the microsolvated (dfp),CH" cation are compared.
Already the gas phase calculations for (dfp),CH" are in good
agreement with the experimental excitation energy. The

Table 2. Calculated Excitation Energies (TDDFT-BLYP) at ¢
= 700 fs for a Single (dfp),CH" and Microsolvated in
Methanol in Comparison to the Measured Band Position

Amax (NM) osc strength (au)
(dfp),CH" (gas phase) 4333 0.53
(dfp),CH* + P(CHj,), + 8CH,0H 426 0.19
(dfp),CH" + P(CH;); + 9CH;0H 424 0.23
experiment 433
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excitations are characterized as a #— #* transition. The
calculated spectrum for the microsolvated MS (Table 2, lines 3
and 4) is extracted at a simulation time t = 700 fs when the
maximum of the signal has formed. The absorption wavelength
shows excellent agreement with the experiment (llmax,exp =433
nm Vs e = 426 nm).

After 700 fs the cation signal decreases due to the bond
formation reaction with solvent molecules. The appearance of a
new absorption band in the region of A & 270 nm is attributed
to the formation of the methyl ether. The mean calculated
lifetime of the (dfp),CH" cation is on the order of 1.2 ps,
evaluated when the simulated signal drops beyond 1/e of its
maximum value. For the less reactive mfp(Ph)CH" used in the
experiment a time of 22 ps is found experimentally.

VI. SUMMARY, GENERAL DISCUSSION, AND
CONCLUSIONS

Highly reactive cations can be generated by photolysis.
They undergo an electrophile—nucleophile bond formation
reaction with nucleophilic solvents like CH;OH that can be
much faster than typical diffusion-limited reactions.*® With
ultrafast photoinitiation of the bond cleavage, the transient
absorption at the known electronic absorption band of the
benzhydryl cation serves as a measure for the evolving cation
concentration. Therefore, the appearance of a transient signal
should allow us to decide whether the reaction proceeds as
photo-Sy1 or photo-Sy2 type. This approach does, however,
assume that the association between the benzhydryl cations’
spectroscopic signal and the concentration holds even at the
very fastest times.

In this work we provide a link between the atomistic reaction
dynamics and the observable UV—vis absorption in the
solvolysis of benzhydryl cations. We have calculated the time-
resolved UV—vis spectrum Syy_yis(t4) from the reactive on-
the-fly MD simulations covering the processes of intra-
molecular relaxation, librational solvation, bond formation,
and subsequent proton transfer reactions. The solvent is
simulated by a microsolvation approach, which is validated by
the solute—solvent correlation function Cgg,(t) being in good
agreement with initial libration solvation processes reported in
literature.”*> The calculated solvation time closely matches the
dynamic peak shift of the cation band found in the experiment
and even the magnitudes of the spectral shifts match well. The
dynamics of the transient absorption thus provides not only
information about the concentration of the reactive inter-
mediates. An elaborate evaluation of the experimental record-
ings reveals the additional information of the absorbance peak
shift which provides extra insight into the evolution at the
atomic level.

We show that the bimolecular reaction of the cation is
completed within 4 ps, much before diffusional processes are
relevant. Selected individual trajectories allow the microscopic
interpretation of the photosolvolysis and show a 300 fs time
scale for the intramolecular solute relaxation. The ensemble
dynamics and the complete reaction time are captured by the
solvation correlation function Cg,,(t) and the time-resolved
UV—vis signal Syy_yis(t4). Both of them reveal a two step
reaction mechanism.

In the first hundreds of femtoseconds the highly reactive
(dfp),CH" relaxes internally and is further stabilized by
solvation, to form the equilibrated benzhydryl cation with its
known spectroscopic signature. Subsequently, the electrophile—
nucleophile bond formation, which leads to the generation of

11,14,17,32

the methyl ether after subsequent deprotonation restricts the
cation lifetime to about 1 ps. The derived macroscopic
observable Syy_yis(t4) can be directly compared to the
experimentally observed transient cation signal. For this
purpose we summarize the results presented above (Figures 2
and 7) in Figure 8.
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Figure 8. (a) Calculated decrease of the (dfp),CH" cation population
(black line) and evolution of the transient absorption signal Syy_yis(t)
evaluated at the cation band maximum (426 nm, red line) and by
integration over the band (blue line). (b) Normalized transient
absorption signal of the benzhydryl cation for the compound—solvent
combinations 4 and 6 in Figure 2b.

The transient absorption measurements (selected curves in
Figure 8b, taken from Figure 2b) show an increase over the
whole cation band with an effective 300 fs time constant. In the
calculation the bond cleavage is assumed to be complete at t =
0 fs, but the nascent microsolvated benzhydryl cation is still in
the equilibrium geometry of the precursor system. The cation
population starts to decrease with just an inertial delay due to
the statistical reaction with a neighboring methanol (see black
line in Figure 8a). At the same time the predicted optical signals
(red line in Figure 8a) for the maximum and blue line for the
integral) only increase “slowly” due to the planarization and
solvation investigated in detail by the on-the-fly MD
calculations. It might be fortuitous, but the apparent rise of
the signals match quite well between theory and experiment.
We therefore postulate that the 300 fs time constant observed
for the initial increase of the benzhydryl cations” absorbance in
all investigated combinations of diphenylmethyl derivatives and
solvents (Figure 2) do not provide a determination of the bond
cleavage time but only an upper limit. The initial relaxation
mechanisms investigated in detail seem to mask the even faster
bond cleavage. As a consequence, there is no positive evidence
for any kind of barrier that might be deduced from a 300 fs
reaction time.

We believe that this retardation of the optical signal relative
to the population is a general feature of practically barrierless
chemical transformations. The change in electronic config-
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uration, ie., the bond cleavage, is faster than the geometric
relaxation of the bulky molecular constituents and the solvent
relaxation. The intensities and the absorption maxima of the
UV/vis absorption bands that are used to identify the products
are, however, strongly affected by the geometry. Because the
spectroscopic signatures of the transient species are typically
reported for largely relaxed structures they cannot directly be
used for the interpretation of the experimental observations at
very early times. As a consequence, the apparent time constant
of cation generation (see above) might not yet monitor the
actual generation of the species. Dedicated experimental
investigations with largely improved temporal resolution are
in progress to decipher the bond cleavage itself. A similar
observation of signal retardation has been recently reported for
the photodissociation of the methyl iodide dimer.**

A complete analysis of the fastest chemical events will only
be possible by the combination of experimental observations
with tens of femtosecond resolution and broad spectral
coverage, state of the art quantum dynamical calculations,
and the choice and synthesis of the proper molecules. The
envisioned understanding is beyond the present possibility of
each of these techniques by themselves, only the combination
can succeed. The picture of a chromophore in a passive
dielectricum will certainly not suffice for the theoretical
description. Interestingly, UV—vis spectroscopy can render
information on a wide range of aspects like the initial solvation
following the ultrafast excitation, the intramolecular relaxation
and the subsequent chemical reaction. Additional evidence
could come from transient IR measurements that could help to
identify the reactive modes and the role of the hydrogen bond
network. To unravel the existing complexity, the methods for
evaluation have to mature to the same level that both the
calculations and experiments have already reached.
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1 Materials

The solvents used were of the highest spectroscopic grade available. Benzhydryl chloride
(Ph,CHCI) was purchased from Sigma-Aldrich and used without further purification. The
derivatives (tol)CHCI and mfp(Ph)CHCI were prepared as described in references [2, 3]. The
synthesis of tol(Ph)CH-PPh; " BF,~ and (mfp),CH-PPh;" BF,~ will be reported elsewhere.

3,3’,5-Trifluorobenzhydryl chloride dfp(mfp)CHCI was obtained from thionyl chloride
(1.3 mL, 18 mmol) and 3,3’,5-trifluorobenzhydrol (dfp(mfp)CHOH) [3] (3.00 g, 12.6 mmol)
in dichloromethane (10 mL). The crude product was distilled in the vacuum (196198 °C /
1.1x10™ mbar) to give a colorless oil (2.3 g, 72 %).

"H NMR (300 MHz, CDCl; ): §=5.98 (s, 1 H, CHCI), 6.74 (tt,*Jur = 8.7 Hz, “Juu = 2.3 Hz,
1 H, 4-ArH ), 6.89-7.04 (m, 3 H, ArH), 7.08-7.16 (m, 2 H, ArH), 7.28-7.35 ppm. (m, 1 H,
ArH);

BC NMR {'H}(75.5 MHz, CDCl3): 6=61.8 (td, *Jcr = 2.3 Hz, “Jcr = 2.1 Hz, CHCI), 103.8
(t, 2Jep=25.3 Hz, 4-Ar), 110.7-111.1 (m, AXX’-system, 2,6-Ar), 114.9 (d, Jep = 23.0 Hz,
2-Ar or 4’-Ar), 115.7 (d, %Jer =21.2 Hz, 2’-Ar or 4’-Ar), 123.3 (d, “Jcr = 3.0 Hz, 6’-Ar),
130.4 (d, *Jep = 8.3 Hz, 5°-Ar), 142.3 (d, *Jep = 7.2 Hz, 1’-Ar), 144.2 (t, *Jer = 9.0 Hz, 1-Ar),
162.8 (d, "Jep = 247.5 Hz, 3°-Ar), 163.0 ppm. (dd, "Jep = 249.4 Hz, *Jop = 12.1 Hz, 3,5-Ar);

F-NMR (282 MHz, CDCls): ~108.4 - —108.5 ppm. (m, 3,5-F); ~111.6 (m, 3’-F);

MS (+EI): m/z (%) = 256.1 (3) [M], 237.2 (4) 222.2 (36), 221.1 (100) [M—CI ], 219.1 (34),
201.1 (35);

Anal. calcd. for C13HgCIF;: C, 60.84; H, 3.14. Found: C, 60.61; H, 3.16.
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states @ - T (see below), for which the use of larger basis sets including diffuse functions

should not be necessary [21, 22].

The B-LYP functional [9, 10] is used to obtain reliable equilibrium geometries, gradients and
potential energy curvatures (i.e. harmonic frequencies) [23] probably due to systematic error
compensation [24-27]. We optimized a reference cluster (RC) consisting of the precursor
molecule _urNQ.:uAQ.Qw and four methanol molecules (RC: UES%AOI% * 4CH;0H, 57
atoms). The moderate size of the cluster allows to test the accuracy of the quantum chemical
method against other functionals (RI-BLYP-D [4-10] vs. RI-BLYP [4-6, 9, 10] vs. tpss [28,
29] vs. M06-HF [30, 31]) and to estimate the importance of the dispersion correction. Further
reference calculations with wave function based methods (RI-MP2) [32-34], which inherently

include the intermolecular interactions, were also performed.

Based on this comparison, RI-BLYP-D is selected to determine how many methanol
(CH30H) molecules are needed to complete the first solvation shell. In order to reduce the
MD simulation time, the more reactive tetra-fluoro derivate (dfp),CH-P*(CHs); rather than
Ph,CH-P*(CH;); was chosen as precursor molecule. Two different precursor clusters (PC),
one surrounded by eight methanol molecules (PC1: (dfp),CH-P"(CHs); * 8CH30H, 85 atoms)
and one surrounded by nine methanol molecules (PC2: (dfp),CH-P'(CHs); + 9CH;0H, 90
atoms) are optimized as reference geometry for the molecular dynamics simulations. The
choice of two different precursor clusters accounts for the fact that a first solvation shell is not
uniquely defined and can take up more than one configuration. The CPU-requirement for a
combined energy and gradient calculation of the PC’s at each time-step is on the order of two
minutes on eight processors of a modern linux cluster. This allows for a dynamic description
of the electrophile-nucleophile bond formation reaction in on-the-fly MD simulations up to a

ps timescale.

The electronically excited n— 7* states of the micro-solvated (dfp),CH" cation are needed
along the on-the-fly MD trajectories to evaluate the time resolved UV-VIS spectra
Syuv-vis(t,A). The excitation energies and transition moments are calculated by TD-DFT
calculations [35-37] at the evaluated geometries. Though the B-LYP functional neglects non-
local exchange the used methodology has been shown previously to yield reasonable results
for excitation energies [38] owing to fortuitous cancelation of errors [24]. Abundant excited
charge transfer (CT) states suffer from electron transfer self-interaction in TD-DFT, resulting

in too low excitation energies of the spurious CT states [39, 40]. Here they are discarded in

the discussion of the locally excited 7 - 7* valence state of (dfp),CH" (characterized by the

HOMO-LUMO single excitation).

Model compounds for microsolvation

A reference cluster (RC) consisting of the precursor molecule Ph,CH-P.(CH3); surrounded by
four methanol molecules is used as a benchmark for the ab initio method appropriate for the
larger precursor clusters (PC1 and PC2). The moderate cluster size allows the optimization of
the equilibrium geometry of the RC with different functionals (tpss, RI-BLYP, RI-BLYP-D,
MO6-HF) and at a wave function based level of theory (RI-MP2). RI-MP2 serves as reference
method for the intermolecular interactions as they are inherently included. All equilibrium

geometries are confirmed by normal mode analysis and are summarized in Table 1.

The hydrogen bond network (upper block in Table 1) is of similar strength in all DFT based
methods, but the bonds are slightly shorter than in the RI-MP2 optimized minimum. The
inter-solvent C-C distances (CcH;0H —CcH;0H » middle block in Table 1) obtained from
traditional DFT methods differ substantially from the RI-MP2 results, which show much
shorter CcH;0H —CcH30H - distances (Ar= 0.2 A for the minimal distances). This error
can be eliminated by the dispersion corrected functional RI-BLYP-D indicating that
traditional DFT methods underestimate the non-polar C-C interaction of the hydrogen bonded
solvent. CcH30H —CcH;0H - distances calculated with the hybrid meta-GGA functional
MO6-HF are similar to the RI-BLYP-D values. The binding interaction between solute and
solvent are described well by the RI-MP2 and the RI-BLYP-D calculations as visible in
similar mean values for C! —Ocy ;0H distances (lower block in Table 1). Again traditional
DFT underestimates this solute-solvent interaction. As a consequence we selected the RI-

BLYP-D method as best compromise between accuracy and computational efficiency to

optimize the PC's.

The PC is designed as a precursor molecule (dfp),CH-P*(CH3); surrounded by a first
solvation shell. We find that eight to nine CH3OH molecules are required to close the first
shell. The large variances of the C! —-OcH;0H solute-solvent distances in the PC
equilibrium geometries (see lower block in Table 1), compared to the RC geometries are a
result of surface crowding effects. Due to steric hindrance not all solvent molecules can cover
the solute simultaneously. Between themselves the solvent molecules form a pronounced

inter-solvent hydrogen bond network, the coordination towards the F-atoms is only weakly
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Table 1: (next page)

Calculated hydrogen bonds (r(O---H)), inter-solvent C-C distances
(CcHy0H —CcH30H ) and solute C' - solvent OcH;oH distances

(cl- OcH;0H ) in the optimized reference cluster (RC) geometries Ph,CH-

P*(CH3);- 4 CH30H and in the optimized precursor cluster (PC) geometries (PC1 =
(dfp)>CH-P"(CHs); - 8 CH;0H, PC2 = (dfp),CH-P*(CHs); - 9 CH3OH). Basis: def-
SV(P), aug:def-TZVP, for the MO6-HF functional the comparable basis 6-31G* was
used; the optimized precursor cluster (PC) geometries PC1 and PC2 are starting
clusters for the on-the-fly MD trajectories. All bond lengths are given in [A].
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ABSTRACT: UV irradiation (266 or 280 nm) of benzhydryl
triarylphosphonium salts Ar,CH-PAr;"X" yields benzhydryl cations
Ar,CH" and/or benzhydryl radicals Ar,CH®. The efficiency and
mechanism of the photo-cleavage were studied by nanosecond laser
flash photolysis and by ultrafast spectroscopy with a state-of-the-art
femtosecond transient spectrometer. The influences of the photo-
electrofuge (Ar,CH'), the photo-nucleofuge (PPh; or P(p-Cl-
Cg¢H,)), the counterion (X~ = BF,~, SbF¢~, CI7, or Br™), and the

o

solvent (CH,Cl, or CH;CN) were investigated. Photogeneration of

carbocations from Ar,CH-PAr;*BF,” or -SbF,~ is considerably more efficient than from typical neutral precursors (e.g,
benzhydryl chlorides or bromides). The photochemistry of phosphonium salts is controlled by the degree of ion pairing, which
depends on the solvent and the concentration of the phosphonium salts. High yields of carbocations are obtained by photolyses
of phosphonium salts with complex counterions (X~ = BF,” or SbF,~), while photolyses of phosphonium halides Ar,CH-
PPh;*X” (X~ = CI” or Br") in CH,Cl, yield benzhydryl radicals Ar,CH® due to photo-electron transfer in the excited
phosphonium halide ion pair. At low concentrations in CH;CN, the precursor salts are mostly unpaired, and the photo-cleavage
mechanism is independent of the nature of the counter-anions. Dichloromethane is better suited for generating the more reactive
benzhydryl cations than the more polar and more nucleophilic solvents CH;CN or CF;CH,OH. Efficient photo-generation of
the most reactive benzhydryl cations (3,5-F,—C4H;),CH" and (4-(CF;)-C4H,),CH" was only achieved using the photo-leaving
group P(p-Cl-C4H,); and the counter-anion SbF,~ in CH,CL,. The lifetimes of the photogenerated benzhydryl cations depend
greatly on the decay mechanisms, which can be reactions with the solvent, with the photo-leaving group PArs;, or with the
counter-anion X~ of the precursor salt. However, the nature of the photo-leaving group and the counterion of the precursor
phosphonium salt do not affect the rates of the reactions of the obtained benzhydryl cations toward added nucleophiles. The
method presented in this work allows us to generate a wide range of donor- and acceptor-substituted benzhydryl cations Ar,CH*

for the purpose of studying their electrophilic reactivities.

1. INTRODUCTION

The photolytic generation of carbocations by heterolytic
cleavage of neutral (R-X) and charged (R-X") precursors has
been employed not only for studying the rates of fast reactions of
carbocations with nucleophiles' ™ but also for the photo-
initiation of carbocationic polymerizations.”® Furthermore,
photogenerated carbenium ions are the initial cleavage products
of the photolysis of certain photoacid and photobase
generators.”' ">® Common precursors for such applications are
halides R-Hal,>~>*'**” acetates R—OAc,é_lo’28 aryl ethers,é_9 and
onium salts such as halonium,*>*’ sulfonium,'***** ammo-
12231 and phosphonium - salts.'*~2%**3*73* Hetero-
Iytic bond cleavages are often accompanied by formation of
radicals via homolytic processes, particularly when the resulting
carbocations are not highly stabilized and less polar solvents are
employed.*®
Among the many photo-leaving groups, phosphines turned
out to be particularly advantageous, because they combine high

nium

-4 ACS Publications  © 2012 American Chemical Society

stability,® even in alcoholic and aqueous solution, with a high
preference for heterolytic cleavage and low tendency to produce
radicals.'*~>%%*7>*°% While we have recently reported several
examples for the photolytic generation of carbocations from
quaternary phosphonium salts,'*™" there was no systematic
investigation about the relationship between the structure of the
precursor salt and the yields of the generated carbocations. The
lack of information became obvious when we failed to generate
benzhydrylium ions with empirical electrophilicity parameters E
> 7 by laser flash photolysis of phosphonium salts Ar,CH-
PPh;"BE, . As the photolytic generation of highly electrophilic
carbocations is of general importance, we have now examined
how the eficiency of carbocation formation can be influenced by
the reactivity of the photo-electrofuge (carbocation-to-be), the
photo-nucleofuge (photo-leaving group), and the counterion of
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the phosphonium salt. To gain insight into the ultrafast dynamics
of these processes, the nanosecond laser flash photolysis
experiments are supplemented by experiments on a state-of-
the-art femtosecond transient spectrometer.*

The use of benzhydryl derivatives is advantageous for these
investigations because of the clearly assignable distinct spectra of
the resulting cations and radicals.” Benzhydryl cations
furthermore do not have f-protons and therefore cannot
eliminate H¥, which reduces the number of subsequent
processes.15 Moreover, a systematic variation of the reactivity
of the generated carbocations is achieved by using substituted
benzhydryl cations Ar,CH* (E*) whose electrophilic reactivities
are quantified accurately by the empirical electrophilicity
parameters E.*'

In the following, we will first investigate how the yields and
dynamics of the photoproducts change with variations of the
benzhydryl (section 3.2) and phosphine moieties (section 3.3) of
the precursor molecules, of the solvent (section 3.4), and of the
counter-anions of the phosphonium salts (section 3.5). We will
then show how this information can be employed to generate
highly reactive carbocations such as E(18—20)* (section 3.6).
After discussing how the reaction conditions affect the lifetimes
of the carbocations on the >10 ns time scale (section 3.7), we will
finally demonstrate that the method presented in this work is well
suitable for the study of bimolecular reactions of the generated
benzhydryl cations (section 3.8).

2. EXPERIMENTAL SECTION

2.1. Materials. Solvents. For the nanosecond laser flash photolysis
experiments, p.a. grade dichloromethane (Merck) was subsequently
treated with concentrated sulfuric acid, water, 10% NaHCOj; solution,
and again water. After predrying with anhydrous CaCl,, it was freshly
distilled over CaH,. Commercially available CH,Cl, (Merck,
spectrophotometric grade) was used for the ultrafast measurements
because reactions with impurities are too slow to be observed on the
picosecond time scale. Acetonitrile (HPLC grade, VWR or
spectrophotometric grade, Sigma-Aldrich) and 2,2,2-trifluoroethanol
(99%, Apollo) were used as received.

Phosphonium Salts. The phosphonium salts E-PAr;*X~ were
prepared by heating Ar,CH-OH with Ph;PH*X™ or by treating
Ar,CH-Br with PAr; and subsequent anion metathesis.**

2.2. Laser Flash Photolysis. Nanosecond Laser Flash Photolysis.
Solutions of E-PAr; "X~ (Azggnm = 0.1—1.0, ca. 5 X 107 to 10™* M) were
irradiated with a 7-ns laser pulse from the fourth harmonic of a Nd/YAG
laser (Aeyc = 266 nm, 30—60 m]J/pulse, diameter ~1 cm). A xenon lamp
was used as probe light for UV/vis detection (d = 1 cm). Transient
spectra were obtained as difference spectra from subsequent
determinations with and without laser pulse using an ICCD camera
with 10 ns gate width; i.e.,, the ns time scale spectra published in this
work show the average of the transient signals during the first 10 ns after
the laser pulse. To reduce noise, 4—16 such spectra were averaged,
whereby the solutions of the substrates were replaced completely
between subsequent laser pulses by using a flow cuvette.

Decay kinetics of the benzhydryl cations E* were measured by
following the absorbances A at 4., typically >64 individual decay
curves were averaged. The decay rate constants k,, (s™') were obtained
from the averaged curve by least-squares fitting to the single-exponential
function A(tf) = Age ™ + C. The non-exponential decays were
evaluated with the software Gepasi.*

Femtosecond UV/Vis Transient Absorption Measurements. The
employed broadband transient absorption spectrometer is described in
detail in ref 39. Solutions of E-PAr;*X™ (Azg0um ~ 0.1—0.3, ca. 4 X 107*
to 6 X 107> M) were pumped through a flow cell of 120 ym or 1 mm
thickness and irradiated with 35-fs pulses (4, = 280 nm, 200 nJ/pulse)
from the frequency-doubled output of a noncollinear optical parametric
amplifier (NOPA). The pulses were focused down to a diameter of
about 100 #m inside the sample. A CaF, white light continuum spanning

from 290 to 700 nm and polarized at the magic angle was used as probe
light.

The time-dependent transient spectra were recorded with temporal
resolutions between 100 and 400 fs, depending on the thickness of the
sample layer, but always well below all observed decay rates. The decay
kinetics were followed at 4,,,,, of the benzhydryl cations or radicals. The
absorbances were converted to quantum yields using the absorption
coefficients of the benzhydryl cations** and the accurately determined
excitation probability.’® A least-squares fit of the time-dependent
absorbances A(t) to the sum of exponential curves and a constant
provided the decay rate constants and amplitudes from which the
quantum yields and rate constants for the different processes were
derived (see Supporting Information for details).

3. RESULTS AND DISCUSSION

3.1. General. Scheme 1 shows a mechanism for the photo-
generation of benzhydryl cations E* and benzhydryl radicals E*

Scheme 1. Generation of Benzhydryl Cations E* and
Benzhydryl Radicals E* by Photolysis of Phosphonium Ions E-
PPh,*

+
PPh;
Ar'” AR

/ QK‘ " \
+ *
PPh;
geminate Ar' A geminate
recombination r ™ ] recombination
heterolysis homolysis

+ PPhs| (SET)
[Ar1/\Ar2 }4 ArTOAR

cage escape cage escape

o+
PPh; }

+
/\r2

. "
Al A A7 > A2 + PPhg

from benzhydryl phosphonium ions E-PPh;" in line with
previously proposed mechanisms for similar systems.>> The
excited precursor molecules can either undergo heterolytic bond
cleavage to the carbocation/triphenylphosphine pair [E* PPh;]
(red pathway) or homolytic bond cleavage to the radical pair
[E*PPh;**] (blue pathway). Both pairs can then either undergo
geminate recombination to the starting material or diffusional
separation, which results in the free benzhydryl cations E* or
radicals E°. Only the UV/vis-absorbing species which escape the
geminate solvent cage (E*, E*, and PR;"**; bottom line of Scheme
1) have sufficient lifetimes (>10 ns) to be observed spectroscopi-
cally with a nanosecond laser flash setup.

3.2. Effect of the Photo-electrofuge (i.e., Structure of
the Benzhydrylium lon). Nanosecond Spectroscopy in
CH,Cl,. The transient spectra which we obtained by irradiation
of 107°—10"* M solutions of E(1—20)-PPh,*BF,” in CH,CI,
with a 7-ns laser pulse (266 nm, 30—60 mJ/pulse) are compiled
in section S3 of the Supporting Information; four characteristic
examples are shown in Figure 1. The transient spectra feature
three types of absorption bands: (i) broad bands with 4., =
426—535 nm, which can be assigned to the cations E* by
comparison with the previously reported spectra of benzhy-
drylium ions,** and the cation-like reactivities (see below); (ii)

dx.doi.org/10.1021/ja3017522 | J. Am. Chem. Soc. 2012, 134, 11481-11494



Journal of the American Chemical Society

a) 05
0.4
0.3
N
3 02
0.1
0.0
300
b)
N
3
c)
4
3 (E17")
aepes
O'O-IIIIIIIIIIAAAAIAIAAIII
300 350 400 450 500
Alnm —
d 02~ . . .
S S g e
F F
T o1 PPh.+* F b F
3 ® (Ezo*)
F F
O'O-IIIIIIIIIIIAAAlAlIAlII

300 350 400 450 500

Alnm —

Figure 1. Transient spectra obtained after irradiation (7-ns pulse, A, =
266 nm, gate width = 10 ns) of CH,Cl, solutions of benzhydryl
triphenylphosphonium tetrafluoroborates: (a) E3-PPhy"BF,™ (A6 m =
0.16), (b) E12-PPh;"BF,” (Ase6nm = 0.49), (c) E17-PPh;"BE,™ (As66nm
=0.90), (d) E20-PPh;"BF,~ (As66 nm = 0.64).

sharp bands with 4., = 328—344 nm, which closely resemble the
published spectra of benzhydryl radicals E* in CH;CN;* and
(i) a shoulder at ca. 350—360 nm, which we assign to the
triphenylphosphine radical cation PPh;"", in agreement with its
reported spectrum in CH,Cl, solution (with 4., ~ 330 nm).**

The photo-cleavage of the phosphonium ions E(1—9)-PPh,*
in CH,Cl, yields the stabilized benzhydrylium ions E(1-9)*
exclusively. When we irradiated solutions of E(10—20)-
PPh,"BF,” in CH,Cl,, the ratios of the absorbances of the
benzhydryl cations E* and benzhydryl radicals E® decreased with
increasing electrophilicity E of the carbocations (Table 1). The
least stable carbocations in the series, E(18—20)" are hardly
detectable after photolysis of E(18—20)-PPh,'BF,”, and the
radicals E(18—20)* are obtained almost exclusively (Figure 1d
and Figure S3 in the Supporting Information).

Picosecond Dynamics in CH,Cl,. The processes which lead to
the formation of E* and E* are too fast to be followed with the
nanosecond laser flash photolysis instrument. A closer look at
these processes is provided by transient absorption measure-
ments with sub-100-fs time resolution which we performed for
selected benzhydryl triarylphosphonium salts. Figure 2 shows a

Table 1. Electrophilicity Parameters E of the Benzhydryl
Cations E(1-20)* and Absorption Maxima A,,,, (nm) of
Benzhydryl Radicals E* and Benzhydryl Cations E* in CH,Cl,

X - X
AN
X Y

no. X Y

Amax / DM absorbance
E@EY E° E°  ratio

El* -136 ¢ 535
e U,

E3* 4-MeO 4-MeO 0.00 ¢ 513 ¢

-0.819 ¢ 524 ¢

E4" 4-MeO 4-PhO 0.61 ¢ 517 ¢
E5" 4-MeO 4-Me 1.48 ¢ 484 ¢
E6" 4-MeO H 2.11 ¢ 466 ¢
E7" 4-PhO H 2.90 €473 ¢
E8" 4-Me 4-Me 3.63 ¢ 473 ¢
E9* 4-Me H 4.437 ¢ 456 c
E10° 4-F 4-F 5019 ~327 447  >7
E11"  4-F H 5207  ~333 451 >5
E12* H H 5479 ~332 443 ~4
E13" 4-Cl 4-Cl 5.487  ~344 480 ~4
E14° 3-F H 6237  ~337 438 ~3
E15" 4(CF;) H 6.709  ~338 430 ~2
E16" 3,5-F, H 6.747  ~332 434  ~1.7
E17" 3-F 3-F 6.87Y  ~331 426 ~1.5
E18* 3,5-F, 3-F 7.52¢ <328 435  ~0.25

(7.96)*  ~337 439  <0.1
(8.02)% ~328 445  <0.1

E19* 4-(CF;) 4-(CF;)
E20° 3,5-F, 3,5-F,

“Electrophilicity parameters E of the benzhydryl cations E; from ref
41a unless noted otherwise. “Ratio of absorbances at Amax (E¥) and at
Amax (E®) obtained by laser flash photolysis (7-ns pulse, A, = 266 nm)
of E(1-20)-PPh;*BF,” in CH,Cl,. Due to the overlap with the PPh,**
band, absorbances at 4,,,, (E®) overestimate the amount of radicals
present. “No radicals detected. “New or revised E parameters from
unpublished work. “Approximate values.

false color representation of the ps transient absorption data
obtained by irradiating E12-PPh;"BF,” in CH,Cl, with a ~35-fs
pulse (280 nm, 200 nJ/pulse): The wavelength is plotted on the
horizontal axis and the time after the laser pulse on the vertical
axis. Blue color indicates low absorbance and red color high
absorbance.

The plot features three types of bands: (i) a broad absorption
band below 400 nm, which disappears in the first 30 ps, is
assigned to the excited state absorption (ESA) of the
phosphonium salt precursor; (ii) the band of the benzhydryl
cation E12* (4,,,, &~ 443 nm), which reaches a maximum within
the first 25 ps; and (jii) a small band of the benzhydryl radical
E12° (A & 332 nm), which becomes visible after the decay of
the excited state of the phosphonium ion. The graph to the right
of the color plot shows the dynamics of the absorbance at 4, of
the carbocation E12* (red) and at 332 nm (blue), A, of the
radical E12° overlapping with the excited-state absorption in the
first tens of picoseconds.

The intense short-lived (<0.1 ps) signal directly after the laser
pulse is a coherent artifact that is also observed in the pure
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Figure 2. Transient absorptions observed after irradiating a 5.2 X 1073
M solution of E12-PPh;*BF,” in CH,Cl, by a 35-fs pulse (A, = 280 nm,
Ajgonm = 0.2, d = 120 pum). The graph above the color plot shows the
spectrum after 1.8 ns (black). The graph on the right shows the
dynamics of the absorbances at selected wavelengths: Absorbance of
benzhydryl cation E12* (445 nm, red); and absorbance of the excited
state (ESA) of the phosphonium ion and the benzhydryl radical E12°
(332 nm, blue). The time scale is linear between —1 and +1 ps and
logarithmic above 1 ps.

solvent and will be ignored in the following.>® A discussion of the
absorption changes during the first 2 ps (shaded area) which
include relaxation, planarization, and solvation effects is beyond
the scope of this paper and is treated in detail elsewhere.*

The ESA disappears during the first 30 ps, accompanied by a
simultaneous increase of the absorbance of E12" which suggests
that E12" is formed by direct heterolysis of the excited precursor
salt. It does not, however, exclude the generation of the
benzhydryl cations E12* by homolytic bond cleavage and
subsequent considerably faster single electron transfer (SET) in
the geminate radical pair (Scheme 1, dashed arrow).

After the ESA has disappeared and the absorbance of E12* has
reached its maximum, the population of E12" decreases as a
result of the geminate recombination of E12" with the photo-
leaving group PPhy; in part, the photo-fragments diffuse away
from each other and these E12* persist on this time scale. Once
the band of the radical E12° is clearly developed, it does not show
noticeable dynamics. After 1.8 ns, we observe the spectrum
shown in the graph above the color plot (Figure 2), which is
essentially the same as the spectrum obtained by the 7-ns laser
pulse (Figure 1b).

The corresponding plot for the photolysis of the tetrafluoro-
substituted benzhydryl phosphonium ion E20-PPh;*BF,” in
CH,(Cl, is shown in Figure S4.1 in the Supporting Information.
The heterolysis of this precursor is much less effective and the
radical E20° is formed predominantly. In addition, the small
initial concentration of carbocations E20* decays rapidly so that
only a very low concentration can be observed on the
nanosecond time scale (Figure 1d; also see Table 2).*

Picosecond Dynamics in CH3;CN. Figure S4.2 in the
Supporting Information illustrates that in CH3;CN essentially
the same kind of photo-processes occur after irradiation of E12-
PPh;"BF,” as in CH,Cl, (Figure 2). Figure 3 shows the time-
dependent quantum yields of the substituted benzhydryl cations
E" during the first 1.6 ns after the excitation pulse; the numeric
values are listed in Table 2. It is evident that the quantum yields
of the initial heterolytic photo-cleavage, ®;,, decrease with
increasing electrophilicity of the generated benzhydryl cations.
At the same time, homolytic bond cleavage becomes more
favorable although the overall efficiency of bond cleavage
decreases (not shown). Due to the overlap of the bands of E*
with the ESA and the PAr;** band we could not evaluate the
radical yields on the early picosecond time scale.

As illustrated by Figure 3, the concentrations of the benzhydryl
cations E* decrease considerably during the first 300 ps after their
formation which is rationalized by the geminate recombination
with the photo-leaving group PPh;. Immediately after C—P bond
cleavage, the two photofragments are in close vicinity (ion pairs).

Table 2. Yields and Rate Constants Associated with the Dynamics of E" after Irradiation of E-PAr;*BE,” with Ar = Ph or p-CI-C;H,

(Bold) in CH;CN or CH,Cl, with a 35-fs Laser Pulse (4., = 280 nm)“

E* E(E")” PAr; solvent Dy” (%) Yiecomb” (%) Dpe” (%) keecom’ (571 kel (57
E8* 3.63 PPh, CH,CN 34 21 27 1.9 x 10° 72 % 10°
E9* 4.43 PPh, CH;CN 30 25 23 2.5 x 10° 7.5 x 10°
E12* 547 PPh, CH,CN 24 25 18 2.7 X 10° 8.3 x 10°

CH,Cl, 11 19 9 LI x 10° 49 x 10°
P(p-Cl-C¢H,), CH,CN 25 21 20 7.9 x 108 3.0 X 10°
CH,Cl, (~16)" (~10)" 14 (6 x 10%)" (5 x 10°)"
E14" 623 PPh, CH;CN 610 29 47 3.6 x 10° 8.5 X 10°
E17* 6.87 PPh, CH,CN 5-8' 32 3-§ 3.6 x 10° 7.5 X 10°
E18* 7.52 PPh, CH,CN 47" 35 3—4 3.8 x 10° 6.9 x 10°
P(p-Cl-CH,); CH,CN 8—12° 36 5-7* 8.9 X 10° 1.6 X 10"
E20° (8.02) PPh, CH,CN 3—4 42 ~2! 6.6 X 10° 9.3 x 10°
CH,Cl, (~1)¥ (29Y (1) (2 x 10°Y (5 x 10°Y
P(p-CI-C(H,), CH,CN 8—12° 36 5-8° 8.8 x 10° 1.6 X 10"

“See section SS in the Supporting Information for details.

bElectrophilicity parameters E of the benzhydryl cations E*; see Table 1 for references.

Quantum yield of heterolytic bond cleavage (including the possibility of initial homolytic bond cleavage and subsequent fast electron transfer).
%ield of geminate recombination of E* with the phosphine PAr;. “Overall quantum yield of free E* (at ~2 ns) after diffusional separation of the
photo-leaving group. fFirst- order rate constant for the geminate recombination of E* with PAr;. #First-order rate constant for the diffusional

separation of E* and PAr;.

"The different behavior of this photo- Ieavmg group in the early photo-dissociation process in CH,Cl, reduces the

accuracy of our fit and we give only approximate values for this system. “To calculate the quantum yields, absorbance coefficients of (5.0-7.5) x 10*
M™! cm™ were assumed for the benzhydryl cations E(14,17,18,20)" in analogy to reported values for similar benzhydrylium ions.** /The values have

to be considered approximate because of the low absorbance of E20".
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Figure 3. Time-dependent quantum yields @ of E* observed after
irradiation of E-PPh;*BE,~ solutions in CH;CN with a 35-fs laser pulse
(Ao = 280 nm).

They can either undergo geminate recombination or the
fragments diffuse apart. After complete diffusional separation
of E* from the photo-leaving group, bond formation is no longer
possible (more precisely: is too slow to be observable on this time
scale) and the absorbances of E* reach a plateau (Figure 3). The
yields for the geminate recombination of the benzhydryl cations
E* with the phosphine PPh;, Y, om, increase with the
electrophilicity E of the carbocations E*, and diminish the final
quantum yields of the diffusionally separated (free) benzhydryl
cations, @, (Table 2).

The rate constants listed in Table 2 for the geminate
recombination of E* with PPhy, ke.mp (s7'), and for the
diffusional separation of E* from PPh;, k... (s™"), can be derived
from Yeoms = Keecomb/ (Krecomptkese) and the observed rate
constants for the decrease of the benzhydrylium ions (see section
SS in the Supporting Information for details). With increasing
electrophilicity E of the benzhydryl cations E*, the recombina-
tion rate constant k.com, increases steadily while k.. remains
almost constant at (7—9) X 10° s\,

3.3. Effect of the Photo-nucleofuge (i.e., Triarylphos-
phine). It was already observed by Modro and co-workers that
the use of a more nucleophilic phosphine as photo-leaving group
decreased the amount of cation-derived photo-products in
photolyses of phosphonium salts.>> When we employed tris(4-
chlorophenyl)phosphine P(p-Cl-C¢H,); as a photo-leaving
group instead of PPh;, the formation of benzhydryl cations E*
was considerably more efficient and even allowed us to generate
highly electrophilic benzhydrylium ions.

Figure 4 shows the transient spectra obtained after irradiation
of the benzhydryl triarylphosphonium tetrafluoroborates E18-
PAr,"BF,” with PAr; = PPh, (black curves) and PAr, = P(p-Cl-
CgH,); (orange curves). Considerably higher concentrations of
the carbocations E18* and lower amounts of the radicals E18°
were obtained when P(p-Cl-C¢H,); was employed as photo-
leaving group. Similarly, irradiation of E20-P(p-Cl-C¢H,); BF,~
gave higher yields of E20" and lower yields of E20° than
irradiation of E20-PPh;*BF,”, but the absorbance of E20* was
still too low (A < 0.04) to study its reaction rates on the
nanosecond time scale. The shoulders of the radical bands
(PAr;**) are weaker and red-shifted to 350—380 nm when P(p-
Cl-C¢H,); is used as photo-leaving group (Figure 4), in
agreement with the fact that the absorbance maxima of the
tris(4-chlorophenyl)phosphine radical cation P(p-Cl-C¢H,);**
are slightly red-shifted compared to PPh;**.*’

esc

— PPhy
P(p-Cl-CqHy)s

T 01 . 1
3 &
OO.MTAWMW
300 350 400 450 500

Al nm —>

Figure 4. Transient spectra obtained after irradiation (7-ns pulse, 4., =
266 nm, gate width: 10 ns) of CH,Cl, solutions of benzhydryl
triarylphosphonium tetrafluoroborates E18-PAr;'BF,” with different
photoleaving groups PAr; = PPh; (black, A6, = 1.0) and PAr; = P(p-
Cl-C¢H,); (orange, Azg6 m = 1.0).

Two reasons might account for the increased carbocation
yields with P(p-Cl-C¢H,); as photo-leaving group: First, the
oxidation potentials of the two phosphines (E°,, = 1.06 V for
PPh; and 128 V for P(p-Cl-C¢H,); in CH;CN)* indicate a
higher thermodynamic preference of E*/PAr; pairs over E*/
PAr;** pairs in the case of P(p-Cl-C4H,); than in the case of
PPh,. Thus, the preference for the heterolytic over the homolytic
pathway should be larger for E-P(p-Cl-C¢H,);"* than for E-PPh,".
Furthermore, P(p-Cl-C4H,); is less nucleophilic than PPhy (AN
= 1.75)* and, therefore, allows more carbocations to undergo
diffusional separation instead of geminate recombination.

The data from the ultrafast spectroscopic measurements
illustrate that both effects contribute to the better overall
quantum yields ®@,, when P(p-Cl-C4H,); is used as photo-
leaving group instead of PPh, (Table 2, bold entries): For this
leaving group, the observed initial quantum vyields of the
heterolytic bond cleavage, ®y,, are higher and the yields of the
geminate recombination, Y. o, are lower. While the differences
are small for the photolysis of E12-PAr;*BE,” in CH;CN, the
effects are more important in CH,Cl, and crucial for the
generation of the most reactive benzhydryl cations (Table 2).

3.4. Effect of Solvent on the Picosecond Dynamics. The
overall quantum yields of the free carbocations, @, are
considerably lower in CH,Cl, than in CH;CN (Table 2), which
is a consequence of the decreased quantum yields for the
heterolytic bond cleavage, ®,.. The lower solvent nucleophil-
icity of CH,Cl, compared to CH;CN only becomes relevant at
longer time scales (see below).

The rate constants for the cage escape, k., are of comparable
magnitude in CH,Cl, and CH;CN for both photo-nucleofuges
PAr, (Table 2). In contrast, the diffusional separation of E* from
CI” is very slow after the photolysis of E-Cl in CH,Cl, due to the
Coulombic attraction between the charged photo-fragments,”*
which explains why photolyses of E-PAr;* give much higher
yields of carbocations in CH,Cl, than photolyses of E-CL

3.5. Effect of the Counterion in the Precursor
Phosphonium Salt. Transient Spectra in CH;CN and
CH,Cl,. At low phosphonium salt concentrations (~1 X 107
M), the association equilibria of E12-PPh;*X™ in acetonitrile are
entirely on the side of the free (unpaired) ions.*” Since the
lifetime of the excited state is only a few ps, which is too short for
the diffusive approach of external X~, the photochemistry of E12-
PPh;* is not affected by the counter-anion X~ under these
conditions.
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Accordingly, ~1.2 X 107* M solutions of E12-PPh;"X~ with
different counter-anions X~ in CH3;CN gave very similar
transient spectra upon irradiation with a 7-ns laser pulse (Figure
Sa): Irrespective of the counter-anion X, the predominant

+

(E12")

BF, /SbF,~

Figure S. Transient spectra obtained by irradiation of E12-PPh;"X™
(Asgs om = 0.5, (1.0—1.2) X 107* M) with different counterions X~ =
BF,” (black), SbF~ (blue), Br~ (red) or CI™ (green) in CH,CN (a) and
CH,CI, (b) with a 7-ns laser pulse (A, = 266 nm, gate width: 10 ns).

exc

photoproduct was the benzhydrylium ion E12* (4,,,, & 436 nm)
together with small amounts of the radical E12° (4,,,, ~ 329 nm).
Since the absorption coefficients of E12* and E12° are similar,*’
the absorbance ratios in Figure 5 directly translate to
concentration ratios. The slightly lower concentrations of E12*

obtained from precursors with X~ = CI”~ or Br~ (Figure Sa) result
from the diffusion-controlled trapping of E12" by the halide ions
(see below),” which can already be noticed on this time scale
(first 10 ns).

In CH,Cl,, the phosphonium salts E12-PPh;*X™ have a
considerably higher tendency to form ion pairs. At concen-
trations of 1 X 107* M, which we typically used in the
nanosecond laser flash photolysis experiments, ~57% of the CI”,
~43% of the Br~, ~40% of the BF,”, and roughly (10—30)% of
the SbF," salts exist as ion pairs in CD,Cl,.** When we irradiated
solutions of E12-PPh;"BF,” in CH,Cl,, we obtained mostly the
benzhydrylium ion E12* (4., & 443 nm) together with small
amounts of the radical E12° (4,,,, &~ 332 nm) (Figure Sb, black
curve). Irradiation of CH,Cl, solutions of E12-PPh,*SbF~ gave
almost the same concentrations of E12" and E12° as the
tetrafluoroborate precursor (Figure Sb, blue curve). In contrast,
the concentration ratio of E12* and E12° was reversed when we
used the phosphonium bromide E12-PPh;* Br™ as precursor
(Figure Sb, red curve). Irradiation of the phosphonium chloride
E12-PPh;" Cl” gave an intermediate amount of E12* while the
concentration of E12" was almost the same as with the
phosphonium bromide precursor (Figure Sb, green curve).
Transient spectra obtained by analogous experiments with E12-
PPh," BPh,™ are difficult to interpret because of the overlap with
the absorbances of photoproducts derived from BPh,~ and are
discussed in section S6 in the Supporting Information.

Mechanism. The reduced yield of carbocations E12*
obtained from the phosphonium halides in CH,Cl, (Figure
Sb) can in part be explained by the immediate combination of
E12* with Br™ or CI” which are in close vicinity if they have been
generated from the paired phosphonium halides. However, the
increased yields of the radicals obtained from the phosphonium
halides cannot be explained by the mechanism in Scheme 1 and
subsequent reactions with the counterions, because Cl™ and Br~
do not reduce the benzhydrylium ions in the dark. Scheme 1,
therefore, has to be extended as depicted in Scheme 2.

Scheme 2. Generation of Benzhydryl Cations E* and Benzhydryl Radicals E* by Photolysis of Phosphonium Salts E-PR;*X™ (R =
Ph or p-Cl-C¢H,): (a) Reactions of Unpaired Phosphonium Ions (Predominant Mechanism in CH;CN) and (b) Reactions of
Paired Phosphonium Ions (Predominant Mechanism in CH,Cl,)“

+

a) PR3 ~ ion pairing PR3 _ b)
+ X _— X I
Ar'” AR Ar'” SAr2
Q& <\\& back
electron transfer
hv \hv |
+ * + * PR
PR3 PR3 _ PET 3 .
: : )\ X 1/1\ , X
geminate Ar' Ar2 geminate Al Ar2 o Ar Ar
recombination r r recombination r r (X" oxidizable)
/ \ / \ "dark intermediate"
. . . . |
heterolysis homolysis heterolysis homolysis dissociation
PR PRy PR PRy’ PR
+ 3| (SET) N 3 * 3 | (SET) . 3 . 3,
[ ArTOAR } .- [ ArOAR } ATAR X = | AT AR X ArTOAR X
| I / N\ I /
cage escape cage escape cage escape combination cage escape cage escape
. 4 X reaction of
. - Py . - . ARCH"
PN AN Ar! 2 PN PN p)
NN A" a2 + PR3 r Ar Ar1)\Ar2 A" A2 + PR3 Arl” T AR with X

(x7)

“For the sake of simplicity, the geminate recombination reactions for the radical pairs are not shown. bRadical combination or electron transfer.*
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Figure 6. Transient absorptions obtained after irradiating solutions of E12-PPh;*X~ with different counterions X~ in CH;CN (a—c) and CH,Cl, (d—f)
by a 35-fs laser pulse (4., = 280 nm). The graphs above the color plots show the spectra after 1.8 ns (black). The graphs on the right show the dynamics
of the absorbances at certain wavelengths: absorbance of benzhydryl cation E12* (436 or 445 nm, red) and absorbance of the excited state (ESA) and the
benzhydryl radical E12* (329 or 333 nm, blue). (a) X~ = SbF¢~ in CH;CNj; (b) X~ = Br™ in CH;CN;; (c) X~ = Br™ in CH,CN with 4.8 X 10~ M added
NEt," Br~; (d) X~ =SbF~ in CH,Cl; (e) X~ = Cl~ in CH,Cly; (f) X~ = Br™ in CH,Cl,. The color scales in the false color plots are comparable in Figures
(a-f), but the absorbances in the small graphs (spectra and dynamics) were scaled to the available space and cannot be compared directly. The time scale
is linear between —1 and +1 ps and logarithmic above 1 ps. For the reasons discussed in context of Figure 2, the absorption changes during the first 2 ps
(shaded area) are discussed elsewhere.* Experimental conditions: (a,d—f) (5—7) X 107> M precursor (A,go um = 0.2), d = 120 um; (b,c) 4 X 107* M
precursor (Aygonm = 0.1), d = 1 mm.

2b, red pathway) or homolytic bond cleavage to the benzhydryl
radicals E* (Scheme 2b, blue pathway). If the counter-anion is
oxidizable, there is the additional possibility of a photo-electron
transfer (PET) in the excited phosphonium ion pair (Scheme 2b,

The phosphonium precursors can exist as free phosphonium
ions or paired with the counter-anions. Like the unpaired
phosphonium ions (Scheme 2a), the ion pairs can undergo
heterolytic bond cleavage to the benzhydryl cations E* (Scheme
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green pathway). Such a PET was already proposed by Griffin et
al.* and further substantiated by Modro and co-workers who
suggested a mechanism similar to Scheme 2 for the photolysis of
arylmethyl phosphonium salts with oxidizable counterions.>>*°
As expected for an electron transfer mechanism, the yields of the
radicals E12° obtained from E12-PPh;*X” increase with
decreasing oxidation potentials of the counterions X~ (Br~ <
Cl™ < BF,” and SbF"). Related to the degree of ion pairing of
the precursor salts in these solvents,** Scheme 2a is the
predominant pathway in CH;CN and Scheme 2b predominates
in CH,Cl,.

Our results agree with those of Johnston, Scaiano, and co-
workers, who studied the photolyses of arylmethyl triphenyl-
phosphonium chlorides in CH3;CN and other solvents under
conditions where ion-pairing is not negligible.*> They had
already noticed that the concentrations of transient arylmethyl
cations increased and the concentrations of radicals decreased
when inorganic salts of non-nucleophilic anions (e.g,, LiClO,,
NaBF,) were added to the phosphonium chloride solutions,
because these anions replace the CI™ in the initial phosphonium
salt ion 3pairs. As expected, this effect is larger in less polar
solvents.”

Picosecond Dynamics in CH;CN and CH,Cl,. The data from
the ultrafast measurements corroborate this interpretation.
Figure 6 shows the false color representations of the ps transient
absorptions obtained after irradiation of E12-PPh;*X™ with
different counter-anions (X~ = SbF,~, Cl~, and Br™) in CH,CN
or CH,Cl,. The plots for E12-PPh;*SbF,~ in CH;CN (Figure
6a) and CH,Cl, (Figure 6d) are very similar to that of the
tetrafluoroborate precursor (Figure 2) and can be interpreted
analogously (see above). Likewise, the color plot obtained with 4
X 107* M E12-PPh;" Br~ in CH;CN (Figure 6b) closely
resembles that of E12-PPh;*SbF,~ (Figure 6a), because ion
pairing is negligible at these concentrations** and the PET
mechanism depicted in Scheme 2b (green pathway) cannot
occur. In all these cases, E12* is the predominant photo-product,
and only very small amounts of E12° are obtained.

At larger precursor concentrations or in the presence of added
bromide, however, the association equilibrium of the precursor
phosphonium salt is shifted toward the ion pairs, and the PET
pathway becomes available also in CH;CN. Figure 6¢ shows the
false color plot obtained after irradiation of E12-PPh;* Br™ in the
presence of 4.8 X 107> M added NEt,” Br™. We now observed a
significant amount of benzhydryl radicals E12° while the yield of
the benzhydryl cations E12* decreased.

The false color representations of the transient absorption data
recorded after irradiation of E12-PPh; "X~ with different counter-
anions (X~ = SbF,~, Cl~, and Br~) in CH,Cl, are shown in Figure
6d—f. As already discussed, the plot for E12-PPh;*SbF,~ (Figure
6d) is similar to that observed in CH;CN. Irradiation of E12-
PPh;*Cl™ gave the color plot shown in Figure 6e, which is an
intermediate case between the SbF4~ and the Br™ salts. At any
time, only a small amount of carbocations E12" is present. In
addition, most of the initially generated E12* decay during the
first 1.8 ns due to the combination reaction of E12* with CI™. The
decay of the ESA is not associated with an increase of the
carbocation absorbance, indicating that the excited state
disappears predominantly by the PET mechanism and not by
heterolytic bond cleavage. The dynamics at 332 nm is most
interesting (Figure 6e, blue curve), because the ESA decreases
within ~30 ps, while the benzhydryl radicals E12° appear with a
marked delay (kg = 3.8 X 10° s7'). The dent between the
decrease of the ESA and the formation of E12° implies the

accumulation of a “dark” intermediate with a relatively low
absorption coeflicient which cannot be detected within the large
probe range from 290 to 700 nm. This intermediate might be the
phosphoranyl/chlorine radical pair [E12-PPh,"CI*] (Scheme 2b,
green pathway), which can either dissociate to E12°® and PPh; or
undergo a back electron transfer to regenerate the phosphonium
chloride E12-PPh;*CI™. After ~800 ps, the “dark” intermediate is
completely consumed and the formation of E12° ceases.

Due to the lower oxidation potential of bromide, electron
transfer reactions from Br~, which generate Br®, are more
favorable than the corresponding reactions of CI™. Thus, the PET
pathway yielding the radical E12° from the excited state is
extremely effective when X~ = Br™. As a result, the ESA
disappears almost instantaneously and the band of E12° appears
within a few ps (Figure 6f). Accordingly, only a very small
amount of carbocation E12" is generated from E12-PPh;*Br™ in
CH,Cl,; again the decay of E12* is very effective due to
combination with Br™. In contrast to the observations with the
chloride precursor, the radical band keeps rising with an observed
rate constant of kg, = 6.3 X 10° s throughout the whole time
scale (Figure 6f, blue curve), i.e., the radical formation is slower
but more effective in the case of X~ = Br™. This effect is also
explained by the lower oxidation potential of Br™: After
formation of the not observable phosphoranyl radical, homolytic
cleavage of E12-PPh;"* yields Ph,CH® (green pathway in Scheme
2b). On the other hand, the concurrent back electron transfer
depends greatly on the reduction potential of X* and is much less
important with Br® than with CI°®. As the back electron transfer
decay pathway for the “dark” state is suppressed, this state
becomes longer-lived and benzhydryl radicals E12° keep forming
over the whole time scale (Figure 6f) in a more effective and
longer-ongoing®' process. Furthermore, many benzhydryl
radicals E12° survive due to the less important electron transfer
and radical combination reactions between E12° and Br®.

lon-Pairing and UV/Vis Spectra of the Photo-generated
Benzhydryl Cations. 1t should be noted that the carbocations E*
which are obtained by the heterolytic cleavage from the paired
precursor salts [E-PR;"X”] (Scheme 2b, red pathway) may
remain paired with the negatively charged counterions during
escape of PR, from the solvent cage [E*PR;X"]. Thus, if the
association equilibrium of the benzhydrylium salt E*X™ is
favorable enough and X~ is a weakly nucleophilic counter-ion
(e.g, SbF¢™), photolysis of [E-PR;*X "] yields long-lived ion pairs
[E*X7].

Figure Sb shows that the absorption maxima of the
carbocations in CH,CI, vary slightly with the counter-anions.
The absorption maxima A, of the benzhydryl cations E12*
which were generated from the phosphonium halide precursors
are at slightly higher wavelengths (4., & 450 nm, Figure Sb, red
and green curves) than those of the benzhydrylium ions
generated from the phosphonium tetrafluoroborate or hexa-
fluoroantimonate precursors (A, & 443 and 445 nm, Figure Sb,
black and blue curves). It has previously been reported that the
absorption maxima of the paired benzhydrylium tetrachlorobo-
rates [E(3—8)"BCl, "] are at ~2 nm shorter wavelengths than
those of the free ions.’> Thus, the lower A, of the
benzhydrylium ions E12" which were generated from BF,” or
SbF¢™ salts are in agreement with the presence of benzhydrylium
ion pairs. The same 4,,,, as shown in Figure Sb (determined with
10 ns gate width) are also observed by the ultrafast measure-
ments after ~1 ns and then remain constant during the whole
lifetime (s time scale) of E12* (see Figure S7 in the Supporting
Information). As the diffusional approach of external anions is
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comparably slow, the paired benzhydrylium ions observed after
~1 ns must originate from paired phosphonium salts.

The higher 4, for the benzhydryl cations E12" obtained from
the halide precursors (Figure Sb, red and green curves) can be
explained by the fact that carbocations which originate from the
paired fraction of the phosphonium halide precursors are
immediately trapped by the halide anions. Thus, the carbocations
which we can observe spectrophotometrically on the >10 ns time
scale®® are only the free (unpaired) benzhydrylium ions E12*
which are obtained from the unpaired fraction of the
phosphonium halides. External halide ions subsequently
consume the unpaired benzhydrylium ions in a diffusion-
controlled reaction (see below) which does not affect 4, of
the remaining unpaired benzhydrylium ions but only reduces the
signal intensity.

In CH;CN, the precursor salts as well as the benzhydryl
cations are mostly unpaired in the concentration range employed
in our experiments, and we observe the unpaired carbocations
E12" predominantly. Thus, the absorption bands of E12" feature
identical absorption maxima (A, &~ 436 nm) irrespective of the
counterions in this solvent (Figure Sa).

Counterion Effects in the Photochemistry of Other Onium
Salts. The counterion effects discussed in the preceding
paragraphs should also be relevant for the photochemistry of
other onium salts. For example, we have previously shown that
one can generate E12" in CH,Cl, by laser flash photolysis of the
quaternary ammonium tetrafluoroborate E12-DABCO'BF,”
(DABCO = 1,4-diazabicyclo[2.2.2]octane) but not from the
corresponding quaternary ammonium bromide.'* Benzhydryl
trimethylammonium iodide has also been used as photo-base-
generator because irradiation of E12-NMe;T™ yields trimethyl-
amine but not the benzhydryl cation E12* which would trap the
amine.”” To account for the formation of NMe; and the absence
of E127, Jensen and Hanson discarded the PET mechanism and
favored a photo-Sy1 reaction in CH;CN and CH;0H which
involves photoheterolysis of the precursor with subsequent
trapping of the benzhzrdryl cations E12" by the I” anions or the
nucleophilic solvent.””® Our results with the phosphonium
analogues suggest that the PET mechanism may well be a
relevant pathway for the generation of tertiary amines in less
polar solvents.

3.6. Laser Flash Photolytic Generation of Highly
Electrophilic Benzhydrylium lons. The information on the
influence of photo-nucleofuges (PAr;) and counter-ions X~ on
carbocation yields derived in the previous sections have
subsequently been used to generate highly reactive carbocations
in order to study their reactivities in bimolecular reactions on the
>10 ns time scale. For these investigations, we were restricted to
the solvent CH,Cl,, because CH;CN reacts fast with highly
electrophilic benzhydrylium ions such as E(14—20)" (see
below). In section 3.3 we have already demonstrated that the
use of P(p-Cl-C4H,); as photo-nucleofuge gives higher yields of
carbocations than when PPh; is employed. Figure 7a shows the
transient spectra obtained by irradiating solutions of the
phosphonium salts E18-P(p-CI-C4H,);*X™ with different
counter-anions X~ in CH,Cl, with a 7-ns laser pulse (A =
266 nm). As discussed in section 3.3, the phosphonium
tetrafluoroborate E18-P(p-Cl-C¢H,);"BF,” gave a moderate
yield of E18" along with significant amounts of E18° (Figure 7a,
black curve). In view of the results presented in section 3.5 it is no
surprise that we could not observe any carbocation E18* but only
the radical E18° when we irradiated the phosphonium bromide
E18-P(p-CI-C¢H,);"Br~ (Figure 7a, red curve).

a)

b)

AA —>

Figure 7. Transient spectra obtained after irradiation of CH,CI,
solutions of benzhydryl tris(p-chlorophenyl)phosphonium salts with
different counter-anions with a 7-ns laser pulse (4., = 266 nm, gate
width: 10 ns): (a) E18-P(p-Cl-C¢H,);"X™ with X~ = BF,” (black,
Asgsom = 1.0), X~ = SbF¢~ (blue, Ayggnm = 1.0) and X~ = Br™ (red, Asggnm
=1.0); (b) E20-P(p-Cl-C¢H,); "X~ with X~ = BF,~ (black, Ayssm = 1.0)
and X~ = SbF,~ (blue, Ay um = 0.9).

When we irradiated CH,Cl, solutions of the phosphonium
hexafluoroantimonate E18-P(p-Cl-C¢H,);"SbF,~, however, the
intensity of the cation band was doubled compared with that
obtained from the corresponding BF,” salt, while that of the
radical band remained virtually unchanged (Figure 7a, blue line).

Similarly, the absorbance of E20* more than tripled when we
used the hexafluoroantimonate E20-P(p-Cl-C4H,);*SbF,~
(Figure 7b, blue curve) instead of the corresponding
tetrafluoroborate (Figure 7b, black curve), while the yield of
the benzhydryl radical E20° was unaffected. The combination of
the P(p-Cl-C¢H,); photo-leaving group and the SbF¢~ counter-
ion hence finally allowed us to generate E20" in sufficient
concentrations to study its kinetics with nucleophiles in CH,Cl,.
Similarly, we could also obtain the highly electrophilic 4,4
bis(trifluoromethyl)benzhydrylium ion E19* from E19-P(p-Cl-
CgH,);*SbF~ (Figure S8 in the Supporting Information).

Apparently, the BF,™ anions trap a significant portion of the
carbocations E(18—20)" within the [E*BF,”] ion pairs that are
generated by the laser pulse. This is not the case for the parent
benzhydryl cation E12" which was obtained in similar
concentrations from the hexafluoroantimonate and the tetra-
fluoroborate precursor (Figure Sb, black and blue curves); on the
microsecond time scale we also see a faster decay with the BE,~
counterion than with SbF¢~ (see below). The trapping of the
carbocation by BF,” within the ion pair becomes less efficient as
the electrophilicity of the carbocations is reduced. The higher
reactivity of BF,” compared to SbF¢™ is in agreement with the
calculated enthalpies of fluoride abstractions in the gas phase,
which are 151 kJ mol™' more exothermic for BF,” than for
SbF,~.>* Furthermore, the photoinitiation efficiencies of onium
salts in cationic polymerizations generally depend on the nature
of the anions and decrease in the order SbF,~ > AsF,~ > PF,™ >
BE,”.*® This is usually explained by the different nucleophilicities
of the anions which are considered to be relevant for the stability
of the active center in the propagation step of cationic
polymerizations.*®
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3.7. Lifetimes of Benzhydrylium lons in CH,Cl,, CH;CN,
and CF3;CH,0H. Not only the yields of the carbocations E* on
the <10 ns time scale but also their lifetimes on the ys time scale
depend greatly on the experimental conditions. Figure 8 shows
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Figure 8. Time-dependent absorbances of E12" obtained after 7-ns
irradiation of E12-PPhy"X™ (A nm = 0.5, (1.0—1.2) X 107* M) with
different counter-anions X~ = BF,” (black), SbF¢~ (blue), Br~ (red) or
Cl™ (green) with a 7-ns laser pulse: (a) in CH;CN and (b) in CH,Cl,
(inset: enlarged decay curves for E12* from precursors with halide
counterions).

the time-dependent absorbances of the parent benzhydrylium
ion E12%, which we observed when we generated this
carbocation from precursors E12-PPh;*X™ with different
counter-anions (X~ = BF,~, SbF,~, Br~, or Cl7) in CH;CN or
CH,CL,. The lifetime of E12* depends on the decay mechanism
of the carbocation, which can be (i) recombination with the
photo-leaving group PPh,, (ii) reaction with the counter-anions
X" of the phosphonium salt precursor, or (iii) reaction with the
solvent.

Recombination with the Photo-nucleofuge. A general
limitation of the laser flash photolysis technique is entailed by
the recombination reactions of the carbocations with the free
(diffusionally separated) photo-nucleofuges. Photo-nucleofuges
(e.g, Hal™, NR;, PR;, RCO,") typically undergo diffusion-
controlled recombination reactions with highly electrophilic
carbocations (E > 0) in solvents of low nucleophilicity.>
Exceptions to this rule are anionic photo-leaving groups in
fluorinated alcohols which stabilize anions very well (e.g., acetate
or p-cyanophenolate in CF;CH,OH).® In our case, the
triarylphosphines (N > 12.58, sy = 0.65)*” undergo diffusion-
controlled or almost diffusion-controlled reactions with the
benzhydrylium ions E(1—20)*.

The blue curve in Figure 8b shows that the recombination
reaction with PPh; can be observed when E12" is generated by
irradiation of E12-PPh;*SbF,~ in CH,Cl,. Since E12* and PPh,
are generated in equimolar amounts by the laser pulse, the
observed decay of the absorbance is not mono-exponential.
Using the software Gepasi,* we could fit the observed decay to a
kinetic model which takes into account the second-order
recombination reaction with PPh; and a general first-order

reaction which summarizes all (pseudo-)first-order reactions
which may occur (Figure 9). Details and more examples of such

k
E' + PPhy; — % » E—pphy*
6 ko
B E* ————— other decay products
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= experiment
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Figure 9. Decay of the concentration of E12* observed after irradiation
of E12-PPhy*SbFs™ (A6 nm = 0.53, 1.03 X 10* M) in CH,Cl, with a 7-
ns laser pulse: Superposition of experimental data (O), an exponential fit
(black), and a fit calculated by Gepasi (red) according to the kinetic
model with variable [PPh;] shown in this Figure (kppy, = (1.31 + 0.003)

x 10" M~ s7" and ky = (6.49 + 0.02) x 10> s7").

fits can be found in section S9 of the Supporting Information. As
expected, second-order rate constants kpp, ~ 1 X 10° Mt st

are found for the combinations of E8*, E9", and E12" with PPh,,
indicating diffusion-controlled reactions. The obtained rate
constants ko (s™') for the first-order background decay reactions
agree with the trends discussed below.

At typical concentrations of the photofragments E* and PAr;
in our experiments (~107°—10"° M), we find such non-
exponential decay kinetics for all systems in which the
benzhydryl cations E* have lifetimes >10 ys. The recombination
reaction with the photo-leaving group thus sets a lower limit for
measuring pseudo-first-order kinetics of the benzhydryl cations
E" with external nucleophiles: Only pseudo-first-order rate
constants larger than (1—5) X 10° s™! can be determined reliably
by fitting the data to an exponential decay curve; otherwise the
decay kinetics will be dominated by the second-order reaction
with the photo-leaving group.

Reaction with the Counter-anion of the Precursor
Phosphonium Salt. When precursors E-PPh;"X™ with halide
counter-anions were used for the generation of benzhydryl
cations E*, we observed exponential decays of the carbocations
which were significantly faster than the decays of carbocations
generated from phosphonium salts with X~ = BF,~ or SbF4~
(Figure 8). Halide ions undergo diffusion-controlled reactions
with reactive carbocations (E > —2) in aprotic solvents’ and the
reactions follow pseudo-first-order kinetics since [E*] < [X7]
(only a small fraction of Ar,CH-PPh;*X™ is cleaved to the
carbocations). For example, irradiation of 1.2 X 10~* M solutions
of E12-PPh;*X "~ with X~ = Br~ or Cl~ in CH;CN (Figure 8a, red
and green curves) gave pseudo-first-order rate constants k& 6
X 10° s7! for the decay of E12". Irradiation of 1.0 X 10™* M
solutions of the same precursors in CH,Cl, (Figure 8b, red and
green curves) yielded similar rate constants (ky, ~ 7 X 10°s71).
These values correspond to second-order rate constants of k, = 5
x 10 M s (CH,CN) and k, ~ 7 X 10" M~ s™! (CH,Cl,)
for the diffusion-controlled reactions of E12* with Br~ and CI".

An almost mono-exponential decay of E12* was also observed
in CH,Cl, when we irradiated E12-PPh;"X~ with X~ = BE,~
(Figure 8b, black curve, kp, & 2.6 X 10° s™*). This decay is much
slower than the decays for X~ = CI™ or Br™ but significantly faster
than the non-exponential decay observed for X~ = SbF,~ (Figure
8b, blue curve) indicating that E12" reacts with BEF,”. Similar
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mono-exponential decays were found for the benzhydrylium ions
E(10—17)* which were generated from the phosphonium
tetrafluoroborates E(10—17)-PAr;*BE,”; the decay rate con-
stants increase with the electrophilicities E of the carbocations
(see section S10 in the Supporting Information for details). As
the yields of the more reactive benzhydryl cations E(18—20)"
obtained from the BF,” salt precursors were lower than those
from the SbF~ salt precursors (see above), one can conclude
that the reactions of E(18—20)* with BF,~ already occur on time
scales <10 ns. For the highly reactive carbocations E(18—20)*
we also observed mono-exponential decays when they were
generated from the corresponding hexafluoroantimonate salts
E(18—20)-P(p-Cl-C4H,);"SbFs~. As the background decay
rates k, of the carbocations E(18—20)* observed on the >10
ns time scale after irradiation of E(18—20)-P(p-Cl-C¢H,); X~
with X~ = BF,” and SbF4~ also become similar (Figure $10.2 in
the Supporting Information), we assume that now the reactions
of E* with solvent impurities such as residual water in CH,Cl, are
dominating.

We have already discussed in section 3.5 that the
benzhydrylium tetrafluoroborates E*BF,” predominantly exist
as ion pairs in CH,Cl, solutions (in the presence of ~1 X 10™*M
phosphonium tetrafluoroborate). Accordingly, a further increase
of the concentration of BF,™ has little effect on the kinetics. Thus,
the decay rate constant of E18" increased only slightly (factor
1.5) when we irradiated CH,Cl, solutions of E18-P(p-Cl-
C¢H,);"BE,” in the presence of 1.4 X 10> M KBF,/18-crown-6.
The high concentration of BF,” ions reduced the initial
absorbance of E18" by less than 30%, ie., the effect is much
smaller than when exchanging 5.7 X 107> M SbF,~ for the same
concentration of BF,~ (Figure 7a).

Reactions with the Solvent. In CH,CN or 2,2,2-trifluor-
oethanol (TFE), which are typical solvents for the laser-flash-
photolytic generation of carbocations," the characterization of
highly electrophilic carbocations is hampered by the nucleophil-
icity of these solvents. In CH;CN, for example, the parent
benzhydryl cation E12* decays mono-exponentially with a first-
order rate constant of k; = 2.52 X 10° s when it is generated
from E12-PPh;*BF,” or SbF,~ (Figure 8a), that is, it decays at
least 1 order of magnitude faster than in CH,Cl,. A slightly larger
value (k; = 3.21 X 10°s™") was observed for the decay of E12* in
trifluoroethanol (TFE). These rate constants are independent of
the choice of the photo-leaving groups (Table 3). As solvation
effects have a relatively small influence on the reactivities of
carbocations,*® the ~440-fold increase of the decay rate of E12*
in CH,CN and TFE compared with CH,Cl, (k, =~ 6.5 X 10°*s7%,
Figure 9) must result from reactions of E12* with these
solvents.>”*

The most reactive benzhydryl cations of this series, E18",
E19, and E20", decay too fast in CH;CN or TFE (7 < 10 ns) to
be observed with the nanosecond laser flash photolysis setup. It is
possible, however, to generate the acceptor-substituted benzhy-
drylium ions E(14—17)* in these solvents and to follow the
exponential decays of their UV/vis absorbances. Since the first-
order rate constants for their reactions with CH;CN and TFE are
>1 X 107 s7' (Table 3), it is difficult to characterize the
electrophilic reactivities of these benzhydrylium ions toward
other nucleophiles in these solvents, because only nucleophiles
that react with rate constants close to the diffusion limit can
efficiently compete with these solvents.

Dichloromethane is considerably less nucleophilic than
CH,CN or TFE. First-order decay rate constants of ~2 X 10°
s7! (E18") and ~3 X 10°s™! (E20") were measured when these

Table 3. First-Order Rate Constants k; (s ') for the Decay of
Benzhydryl Cations E" in CH;CN and 2,2,2-Trifluoroethanol
(TEE) at 20 °C

+

RS ki (CH,CN) ki (TFE)
X v /s /s
E' X Y E°

E10" 4-F 4F 501 1.1x10°%  5.82x10°°¢
E11"  4-F H 520  1.8x10°%° d
E12* H H 547  252x10°%¢ 321 x10°¢
E13"  4-Cl 4-Cl 548 2.8x10°%  147x10°¢
E14" 3-F H 623 1.00x10"¢ 1.29x10"¢
E15" 4-(CF,) H 670 3.8x10"° d
E17" 3-F 3-F 687 349x10'°  46x10"°¢

“Electrophilicity parameters E of the benzhydryl cations E*; see Table
1 for references. “Photolysis of E-Cl in CH,CN.* “Photolysis of E-
PPh,"BF,”, this work. “Not determined. “Photolysis of E12-Cl in
CH;CN gave a value of 2.5 x 10° s71.* fPhotolysis of benzhydryl p-
cyanophenyl ether in TFE gave a value of 3.2 X 10° s™.®

carbocations were generated from E(18,20)-P(p-Cl-
Cg¢H,);"SbFs~ (Figure S10.2 in the Supporting Information).
However, these values are probably due to impurities and do not
reflect the reactivity of CH,Cl, (see above). They just represent
an upper limit for the nucleophilic reactivity of CH,Cl,. Anyway,
the lifetimes of the benzhydrylium ions in highly purified CH,Cl,
(see Experimental Section) are much longer than in anhydrous
CH;CN and TFE and allow us to study the electrophilic
reactivities of E(14—20)" toward a variety of nucleophiles.

3.8. Counter-ion Effects on Bimolecular Reactions. As
discussed in section 3.5, the usual assumption that only free ions
are observed in nanosecond laser flash photolysis experiments'*"
does not hold when the carbocations are generated by photolysis
of certain onium salts with low-nucleophilicity counter-ions (e.g.,
BF,”, SbFs"). Consequently, the question arises whether
bimolecular reactions of the photolytically generated carboca-
tions are affected by the nature of the counter-anion in the
precursor salt. Previous results already showed that the rate
constants for the reactions of moderately stabilized benzhy-
drylium ions such as methoxy- or methyl substituted
benzhydrylium ions E(3—9)" with neutral nucleophiles like 7-
nucleophiles®****” or hydride donors®® in CH,CI, are
independent of the nature of the counter-anion and the degree
of ion pairing. We now investigated the influence of the counter-
anion on the reactions of the considerably more electrophilic
benzhydrylium ions E12* and E18* with z-nucleophiles (Table
4).

When we generated the benzhydrylium ions E* from different
precursors E-PAr;*X™ with different counter-anions X~ in the
presence of a large excess of m-nucleophiles, we observed
exponential decays of the UV/vis absorbances of the benzhydryl
cations E* from which we obtained the pseudo-first-order rate
constants k., (s7'). Plots of kg, versus the nucleophile
concentrations were linear in all cases, as exemplified in Figure
10 for the reaction of E12" with allyltrimethylsilane.

The intercepts of these plots vary with the counter-anion X~ of
the phosphonium salts and correspond to the rate constants k,
for the background decay reactions discussed in section 3.7. For
X~ =Br~ and CI”, we find quite large intercepts of ky &~ 7 X 10°
s~! due to the diffusion-controlled reactions of E* with the halide
anions. For X~ = BF,™ and SbF,", the intercepts are substantially
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Table 4. Second-Order Rate Constants k, (M ' s') for the
Reactions of z-Nucleophiles with Benzhydryl Cations E*
Obtained from Different Precursors E-PAr;"X™ in CH,Cl, at
20 °C

precursor E-PAr; "X~

E* PAr; X~ ky/M ™ s7!
E12* Reaction with allyltrimethylsilane
PPh, BF,” 1.60 X 10’
PPh, SbF¢~ 143 x 107
PPh, Br~ 142 x 107
PPh, cr- 1.53 X 107
E18" Reaction with 2,3-dimethyl-1-butene
PPh, BF,~ 822 x 107
P(p-Cl-C4H,), BF,” 8.24 X 107
P(p-Cl-C¢H,)5 SbF¢~ 8.27 X 107
Br~
8x10°
4
roex10° T g S
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Figure 10. Plots of the pseudo-first-order rate constants k, (s™') for the
reactions of E12" with allyltrimethylsilane in CH,Cl, when E12* was
generated by irradiation of 1.0 X 10™* M solutions of the precursors E12-
PPh,X~ with different counter-anions X~ = BE,~ (black squares), SbF,~
(blue squares), Br~ (red squares), or Cl~ (green squares) against the
concentration of allyltrimethylsilane. The small graphs show the
absorbance decays of E12* in presence of 5.4 X 1072 M
allyltrimethylsilane (black curve, X~ = BF,”; red curve, X~ = Br").

lower and their origin has been discussed above. The slopes of
the four plots are independent of the counter-anion and provide
the second-order rate constants k, (M~ s™') for the reaction of
E12" with allyltrimethylsilane listed in Table 4. We thus
measured the same rate constants within experimental error
for the reactions of E12* with allyltrimethylsilane when E12* was
generated from different precursors E12-PPh;"X™ with X~ =
BF,”, SbF¢~, Br~, or Cl~ (Table 4). As discussed in section 3.5,
the benzhydryl cations obtained from precursors with halide ions
are the free (unpaired) cations because [E12* Hal | pairs
collapse to covalent E12-Hal in less than 10 ns. Since E12*BF,~
and E12*SbF," are significantly paired, on the other hand, we can
conclude that paired and unpaired benzhydrylium ions E12*
react with the same rate constants in bimolecular reactions and
can be characterized by an anion-independent electrophilicity
parameter (E = 5.47).

The same situation has been observed for the reactions of 2,3-
dimethyl-1-butene with E18*, which is the most electrophilic

carbocation (E = 7.52) in our series that could be obtained from
precursors with different counterions. When we generated E18*
from either E18-P(p-Cl-C4H,);"BF,” or E18-P(p-Cl-
CgH,);*SbF¢~, we again measured the same rate constants
within experimental error (Table 4). Moreover, we also obtained
the same rate constant when we used E18-PPh;*BF,” as
precursor, which shows that the photo-leaving group does not
have any effect on the carbocations’ reactivities either. As
discussed in section 3.6, we could not generate E18" from the
phosphonium bromide precursor in CH,Cl, (radical formation),
and therefore we cannot compare the reactivities of free and
paired carbocations in this case. The counterion independence of
the experimental rate constants for carbocation alkene
combination reactions implies that ion pairing stabilizes the
transition states to about the same extent as the reactant
carbocations.

4. CONCLUSION

The efficiencies of the photo-generation of benzhydrylium ions
and benzhydryl radicals from phosphonium salts E-PAr;"X~
depend not only on the photo-electrofuge (E*) and the photo-
leaving group PAr;, but also on the counter-ion X7, the solvent,
and the concentration of the precursor molecules. Depending on
the reaction conditions, benzhydryl radicals E* or benzhydryl
cations E* may be obtained almost exclusively. The results
presented in this work should also be relevant for the
photochemistry of other onium salts. Spectroscopic investiga-
tions on the fs to ps time scale like those performed in this and
related work*>'®** provide a complete microscopic under-
standing of the photo-generation and the dynamics of reactive
intermediates in the geminate solvent cage. With the knowledge
of phosphonium salt photochemistry acquired from the present
study, we can now select the proper precursor salts for the
efficient generation of highly reactive carbocations which are not
easily accessible by conventional methods. The method
described in this work will subsequently be used to characterize
the electrophilic reactivities of the acceptor-substituted benzhy-
drylium ions E(14—20)" in CH,Cl, at 20 °C, which provides a
further extension of our long-ranging electrophilicity scale.*'
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For the precise timing of the laser pulses and measurements we used a pulse/delay generator
(Berkeley Nucleonics BNC 565). The wavelengths of the CCD output were calibrated using the
emission lines of a Pen-Ray Hg(Ne) lamp (LOT-Oriel).

Transient spectra. Solutions of the precursor phosphonium salts with 4266 ym = 0.2 t0 0.9 (ca. 10™
to 10™ M) were irradiated with a 7-ns laser pulse (Aexe = 266 nm, 30-60 mJ/pulse) and transient
spectra were obtained as difference spectra from subsequent determinations without and with
laser irradiation using the ICCD camera with a gate width of 10 ns. Typically, four to eight such
spectra were averaged to obtain the spectra published in this work.

Decay kinetics. Kinetics were measured by following the decay of the absorbance of the
benzhydryl cations (see below for wavelengths). Typically, >64 individual runs were averaged
for each measurement, and the (pseudo-)first-order rate constants kops (s™) were obtained by least-
squares fitting to the single exponential curve A(f) = Ay ¢ "' + C. The second-order rate
constants k, (M" s™) for the combination reactions with nucleophiles were obtained from the
slopes of plots of kqs versus the concentrations of the nucleophiles. The non-exponential decays

were evaluated with the software Gepasi.*®
S2.2 Ultrafast spectroscopic measurements with sub-100 fs time resolution

Instrumentation. The employed broadband transient absorption spectrometer is described in
detail in ref.®

Transient absorption measurements. Solutions of E-PAr;" X~ (A280 nm = 0.1 t0 0.3, ca. 4 x 10
to 6 x 10° M) were pumped through a flow cell of 120 um or 1 mm thickness and irradiated with
35-fs pulses (280 nm, 200 nJ/pulse) from the frequency doubled output of a noncollinear optical
parametric amplifier (NOPA). The pulses were focused down to a diameter of about 100 pum
inside the sample. A CaF, white light continuum spanning from 290 nm to 700 nm and polarized
at the magic angle was used as probe light. The temporal resolution was between 100 fs and 300
fs depending on the sample layer thickness but always well below all observed decay rates.

Quantum yields, yields and rate constants. See section S5.
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S3 Transient spectra obtained
BF, in CH,Cl,

Supporting Information

by irradiation of E-PPh;"

0.5 Y(E1F
1 ww [E1-PPh," BF, ]=1.04 x 10° M Aw:vwonmu. ww_ﬂ_sv
3 02 Aagsnm = 0.13 !\\\\)/;lix!
0.1
O A M s‘—A‘L yoy iy o
0.1 : : : , , ,
300 350 400 450 500 550 600 A/nm—
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3 03] Argonm = 0.15 Amax = 524 nim
0.1 |
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-0.1 4 T T T
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Figure S3. Transient spectra of E' and E° obtained after irradiation of CH,Cl, solutions of

E-PPh;" BF; with a 7-ns laser pulse (Aex. = 266 nm, gate width: 10 ns).

S4



9S

‘wnoads oY) Jo ouel sIyy ur osiou d1e|

A1oAne[a1 3y pue pueq uopndiosqe  fydd 3yl Jo de[1aa0 dyp 03 anp enoads Y3 WOL PAUIEIGO 2q UBD SAN[BA JLIDWNU
apewnxoxdde Ajuo inq ‘7 S[EDIPEL OY) 0} PAUTISSE dQ ULD SPSUSOAEBM IOMO] AU} JE BUIIXEW d0UBGIOSE YL (,
‘(Su Q[ yIpiam 918 ‘wu 997 = >°y) asind 1ose[ su-/ e yim _tqg ,f4dd—d jo suonnjos

{DTHD JO UOneBIPBLIL 19)je paurelqo jJ pue H JoO e1odds judisuel], ‘(panupuod) €S 3In3iy

< wu/y 009 (014 (0j4 0s€e 00€

. . : : - G0'0-
[r— wu 9z =¥y 0
ST,y (LTH) ,HOdjm 500
[%0]
06'0 =" —— 10 g
W,01 x8€'1 = [ *46 ,*dd—L1d] lee= 1
(L1d) HOWjuw  tzo
00S 0S¥y 00¥ 0se 00¢
, , , , L S0°0-
A - wa ey = Wy 0
N‘ ~ :F:._Nmmv\ :_:QMVV\ .
! / (91®) HOU)dp S0'0
10
L8°0 = "9 - sio k&
W, 01 x L9 = ["4d ,“ydd-91d] wugee Y o f
(913 HOMUDDP | .0
< wu/y 00S (0154 [0[0]74 0S¢ 00¢
, g~ |
7~ uuscey osry (,S1A) ,HOUD'HD-*4D-d | co0
r Lo
060 =" wu ggg ~ iy rsio &
W01 x L1 =["ad  Udd-<1d] (ST HOWd < [ E0 |
: . Lszo
< wu/y 008 (0314 (004 0se 00¢€
, , , , 500-
€ ~ uuLEsy sy wu ¢y = X"y o .
(1) HO(ud)dyw 500
ps70 =y wuggexy [0 B
W, 01 x 101 =[*49 ,‘udd—+1d] (p1@) HOUdyw [ SHO 1

< wu/y 00§ 0S¥ 00%
wu (g ="y
(L€1d) .HOdod

[—
=, Y

WU g = Wy 20

0570 = "9 (€ra) HO%od <
W, 01 x 60T = [ *49 ,fydd—€ra] €0
0

uoypuiiofu] Suipioddng suoyp)) [lipdyzuag Jo uonn.1ouar) d1A1010YJ I 12 AdUULY

SS

‘wnnoads 9y Jo oFuel SIY) Ul dsiou d31e|

A1oane[a1 oy pue pueq uondiosqe  fydd ay) Jo de[1oao0 ot 03 anp enoads Sy WO PaUIRIQO 3q UBD SIN[BA JLIDWNU
ajewnxoxdde Ajuo inq ‘7 S[EQIPEI oY) 0} PAUSISSE dQ ULD SISUO[OAEBM IOMO] AU} JE BUIIXEW 20UEGIOSqE YL (,,
"(SuQ[ ‘yIpim 9e8 ‘wu 997 = >°y) as[nd 1ose[ SU-/ B PIM _tig |, fYdd—H JO suonnfos

{[DTHD JO uoneIpell Io)E paurelqo J pue |J Jo enodds judrsuer] (panupuod) ¢§ dundig

<~ wu/y 00S 0sYy 0oy 0s€e 00€

, , , , CLo-
wu ghp ="y 0
p R, Y (1) HOd 10
wuzee ="y z0
610 =" (1@ HO™d <
W, 01 x €0'1 = [ *48 ,Udd—z1a] g0
70
<« wu /vy 00S osy ooy 0s€e 00¢
, , , , Lo-
wu [gp ="y Lo
¢ 2 usssy sty G HOWUDHdyd o
wu gee = XMy
s (o muadd [0 e
6v°0 =" Leo
W 01 x 9L'8 = [ *4d ,udd-11d] Lo \
<« wu /¥y 005 sy 0or 0se 00e
, , , , Lo-
wu [y =¥y Lo
R Fo—m_v +IUNQ,,E Lo
wu L7g =y &0
S0 = "y (ora) Howdsd A
W01 x 66'6=["49 ,‘udd—01d] AN}
G0
< uwu/y 008 (014 ooy 0se 00¢
, , , , Vo
wu 96y ="My Lo
(.63 HOWU D0 10
rco
Pp'0="1"" Leo B
W01 x €78 =[ 44 ,*udd—64] rvo oy
-G0
< uwu/y 008 014 (004 0S¢ 00¢
, , , , Lo-
wu g/ ="y o
(.81 ,HOYo} FLo
rco
05°0 =" reo B
W01 x 7L'9=[ "4 ,*udd—8d] Fvo oy
-G0

uoypuiiofu] Suiioddng suoyv)) (lipdyzuag Jo uonp.12u25) d1A1010YJ I 12 AdUUL



Ammer et al.: Photolytic Generation of Benzhydryl Cations Supporting Information
0.2
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T 04 @ 0 u\_wﬁ am ) [E19-PPh;" BF, ]=1.78 x 10* M
3 03 " Asgonm = 0.89
0.2 Qumvruiv
0.1 Ag3onm/A3370m” < 0.1
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dfp,CH" (E20°)

Amax = 328 nm

-0.05 + T T T T
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Auasom/ A3280m” < 0.1

Figure S3 (continued). Transient spectra of E” and E° obtained after irradiation of CH,Cl,
solutions of E-PPh;" BF4~ with a 7-ns laser pulse (Aexe = 266 nm, gate width: 10 ns).

“) The absorbance maxima at the lower wavelengths can be assigned to the radicals E,** but only approximate
numeric values can be obtained from the spectra due to the overlap of the PPh;"" absorption band and the relatively
large noise in this range of the spectrum.
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S4 Additional transient absorption plots from ultrafast
measurements

S4.1 E20-PPh;* BF, in CH,Cl,

E20" t=1.65ns | E20-PPh;’ BF,~
[ £t in CH,Cl,
——— 437 nm
; T — 58mm

Y,

—t/ps

Figure S4.1. Transient absorptions observed after irradiating a 6 x 10> M solution of E20-PPh;"
BF4 in CH,Cl, by a 35-fs laser pulse (Aexe = 280 nm, 4280 nm = 0.1, d = 120 pm). The graph
above the color plot shows the spectrum after 1.65 ns. The graph on the right shows the dynamics
of the absorbances at certain wavelengths: Red curve: absorbance of benzhydryl cation E20" (437
nm); blue curve: absorbance of the excited state (ESA) and the benzhydryl radical E20° (328
nm). The time scale is linear between —1 and +1 ps and logarithmic beyond 1 ps.

S4.2 E12-PPh;" BF4 in CH;CN

Ft=18ns E12° | PhoCH-PPh;’ BF,”

E in CH,CN

E E12 —— 436 nm
; : S —— 329m

N S N
Y £ L §

Alnm—

Figure S4.2. Transient absorptions observed after irradiating a 4 x 10> M solution of E12-PPh;"
BF4 in CH3CN by a 35-fs laser pulse (Aexe = 280 nm, A2g0 pm = 0.2, d = 120 um). The graph
above the color plot shows the spectrum after 1.8 ns. The graph on the right shows the dynamics
of the absorbances at certain wavelengths: Red curve: absorbance of benzhydryl cation E12* (436
nm); blue curve: absorbance of the excited state (ESA) and the benzhydryl radical E12° (329
nm). The time scale is linear between —1 and +1 ps and logarithmic beyond 1 ps.
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k
[recombined pairs] = [contact pairs], - ———<™ . T —e e ;_,.ga:; Awmbv

A\ﬂmmn + \ﬂnmnoivv

Both paired and free carbocations are observed spectroscopically in our experiments; the small
differences between the spectra of paired and unpaired benzhydrylium ions are negligible.”
Thus, addition of the equations S5.7 and S5.8 yields the time-dependent concentration of the
spectroscopically observed species (eq. S5.10). Alternatively, the same expression is obtained by

substracting eq. S5.9 from the initial concentration of carbocations, [contact pairs].

[contact pairs] + [free ions] =[contact pairs], —[recombined pairs] =

. k N y . k.
=[contact pairs], - ——=omb . o~ Fsthuan)’ 4 [contact pairs], - e (S5.10)

A\ﬂmmo + \quoo:&v A\ﬂmwo + \ﬂﬁnc:&v

—k,

Comparing eq. S5.10 with the single exponential decay function A(f) = 4, -e ' + C shows that

the experimentally observed rate constant for the decay of the carbocations, ks, is the sum of the

two rate constants Ayecomb and kese (eq. S5.11).

ky, =k +k (S5.11)

obs recomb

S5.3 Fitting of the time-dependent absorbance curves

The absorbance of the benzhydryl cations initially increases due to heterolytic bond cleavage of
the excited precursor, subsequently decreases due to geminate recombination, and finally reaches
a plateau when all benzhydryl cations are diffusionally separated from PAr; (Fig. 3). To model
the the experimentally observed dynamics of the benzhydryl cations, the time-dependent

absorbances A(#) were fitted to a sum of two exponential functions and a constant (eq. S5.12):
A) = Ay - €™ + Ay € + Ag, (S5.12)

which was corrected for the instrumental response function (for details see refs. 4 and 39).

The fit parameters correspond to the following physical quantities:
Anet,  absorbance corresponding to the total of all carbocations generated by
heterolytic bond cleavage (Anet = Arecomb + Afree);

knet,  rate constant for heterolytic bond cleavage;

S11
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Arecomb, total absorbance decrease resulting from geminate recombination;
kobs,  experimentally observed decay rate constant for paired and free carbocations
(eq. S5.11) as derived in section S5.2; and

Agee, remaining absorbance of free carbocations after diffusional separation.

The fit function and the meanings of the different terms are illustrated in Fig. S5 (red curve).

A free

recomb

A(t)/ a.u.

200 300 400 500
t/ps
Figure S5. Graphical representation of the different terms in the fit function (eq. S5.12):

— A, -e”™ (black curve); A, e (green curve); and Agee (blue curve). The sum of these

terms (red curve) is a good fit function for the experimentally observed dynamics.

The employed fit equation (eq. S5.12) closely relates to the equation for the time-dependent
concentration of paired and free carbocations (eq. S5.10). Comparing eq. S5.12 with eq. S5.10
reveals that kqps corresponds to (Krecomb + Arecomb) and the terms for Arecom» and Agee in eq. S5.12

correspond to the following expressions

k
A — . recomb S5.13
oo ho AN« esc + \mnono_swv A v
Ape. =4 S (S5.14)

.
A\ﬂmmo + \ﬂ«mnoicv
in which A4, is the absorbance of the carbocations at the initial concentration of [contact pairs]y

A\Ao = \Annooa& + \_?mmv.
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The data presented in Figure S6.1 are not in conflict with the general photocleavage mechanism
outlined in the main article. However, we refrain from discussing the mechanism because the
situation is complicated by the fact that the anion BPhs also absorbs at the excitation

wavelength.

Irradiation of a 9.2 x 10> M solution of E12-PPh;" BPhs™ gave a pseudo-first-order rate constant
of ks = 7.93 x 10% s for the decay of E12" (Fig. $6.2). This value corresponds to a second-
order rate constant of k&, = 9 x 10" M w‘_, indicating a diffusion-controlled reaction of E12" with
BPhy .

0.2

N
i{?}i}g% i 1
Frarhet i el

0.0 0.5 1.0 1.5
t/us >

Figure S6.2. Absorbance decay of E12" obtained after irradiation of E12-PPh;" BPhy~ (A266 nm =
0.9, 9.2 x 10° M) in CH,Cl, with a 7-ns laser pulse (exe = 266 nm).
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S7 Ion pairing of E12-PPh;" BF, in CH,Cl,

As discussed in the main article, we assume that E* exist as ion pairs with the BF, counter-
anions when they are obtained by laser flash photolysis of E-PAr;" BF, . The nanosecond laser
flash photolysis transient spectra of E” published in this work were recorded immediately after
the laser pulse (0 ns gate delay, 10 ns gate width). To confirm that the association equilibrium of
E' BF, is already established in our measurements, we measured additional spectra of E12" at
varying gate delays up to 15 ps after irradiation of E12-PPh;" BF, in CH,Cl, (Fig. S7). The
constant An. of E12* in these spectra indicate that the degree of ion pairing does not change
substantially during the lifetime of E12, that is, the association equilibrium is already established

in the first spectrum.

Figure S7. Transient spectra of E12* recorded with varying ICCD gate delays after irradiation of
a 1.01 x 10™* M solution of E12-PPh;" BF,~ in CH,Cl, (4266 nm = 0.5) with a 7-ns laser pulse (Aexc
=266 nm, gate width: 10 ns).

S16
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However, second-order kinetics according to eq. S9.1 alone do not describe our experimental
data satisfactorily. For that reason, we included a general first-order reaction (eq. S9.2) which
summarizes all first-order reactions which may occur and which are discussed in section 3.7 of

the main article.
E" —% other decay products (S9.2)

The absorbances of E” were converted to concentrations [E"] by means of the published log &
(CH;CN).*”® Using the software Gepasi,” the concentration data was then fitted according to the
kinetic scheme indicated by equations S9.1 and S9.2, which yielded diffusion-controlled rate
constants for the combination reaction with PAr3, kpa,, = 1 % 10'0 ™! w._u and rate constants k&, for
the first-order background decay reaction. Direct determination of the second-order rate constants
for the diffusion-controlled reactions of benzhydrylium ions E* with PPh; was not attempted
because PPhs absorbs at the excitation wavelength of the laser. Johnston, Scaiano and coworkers

-1

reported a rate constant of 5 x 10° M s for the reaction of PPh; with the 2-naphthyl-

(phenyl)methyl cation in CH;CN.*?

The Gepasi fits for the decays of E(8-9)" obtained by irradiation of E(8-9)—PPh;" BF, in CH,Cl,
(Fig. S9) yielded ko values which probably reflect the reactions E(8-9)" with BF,". The obtained
values are in good agreement with the directly measured background decay rate constants kg of
the more electrophilic carbocations E(10-17)" when these were generated from E(10-17)-PPh;"
BF4 precursors (see section S10). For the example of E12" obtained by irradiation of E12-PPh;"
SbFs in CH,Cl, (Fig. 9 in the article), the exact nature of the background decay reaction is not
clear; as expected the determined ky value is considerably smaller than that for the

tetrafluoroborate salt.
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S10 Reactions of E” with BF, in CH,Cl,

Generally, the background decay rate constants ko (s) measured for E* which were obtained by
irradiation of E-PAr;" BF4~ in CH,Cl, correlate roughly with the electrophilicity parameters E of
the benzhydryl cations E* (Fig. S10.1). However, the observed ko values vary considerably
between different experiments which may be a result of varying precursor concentrations and/or
varying concentrations of solvent impurities in the experiments. Since a large fraction of the
carbocations are paired and the ko values partly reflect first-order reactions within the E” BF, ion
pairs, we do not derive nucleophilicity parameters for BF4 in CH,Cl, from these decay rate

constants.

8 r s E18"
5
6 E10° mSM:z m _m:M wmnq
gtes

E9"
o | E® y=0.6771x + 1.7743
R?=0.979
o Il Il
3 4 5 6 7 8

Figure S10.1. Typical background decay rate constants ko (s™') of E* observed after irradiation of
E-PAr;” BF; in CH,Cl, with a 7-ns laser pulse (Aexe = 266 nm) versus the electrophilicity
parameters E of the benzhydryl cations E*. Arbitrary error bars (one logarithmic unit) symbolize
the large uncertainties associated with the individual measurements. Open symbols: Data for E(8-
9)" (obtained by Gepasi fits) and E(28-29)" (which show a lower dependence on the counter-
anions) were not included in the fit.

Fig S10.2 clearly shows the lower initial absorbances of E(18,20)" when the benzhydryl cations
were obtained by irradiation of E(1 wbS\m@-O_-O@Ib% X" with X™ = BF4 instead of precursors

S20
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S12 Counter-ion effects on the Kinetics of bimolecular
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ABSTRACT

The precise mechanism and dynamics of the photo-generation of carbocations and carbon radicals is a
fundamental issue in organic chemistry. Especially the role and importance of electron transfer for the
generation of carbocations from the radical pair is still unclear. We present a quantitative transient
absorption study with femtosecond resolution and ultrabroad probing on selected donor- and acceptor-
substituted benzhydryl chlorides irradiated with 270 nm (35 fs) pulses. The ultrafast bond cleavage of
benzhydryl chloride within 300 fs is almost exclusively homolytic, leading to a benzhydryl/chlorine
radical pair. The carbocations observable in the nanosecond regime are generated from these radicals by
electron transfer from the benzhydryl to the chlorine radical within the first tens of picoseconds. Their
concentration is subsequently reduced by geminate recombination within hundreds of picoseconds. In
moderately polar solvents like dichloromethane this depletion almost extinguishes the cation
population, in highly polar solvents like acetonitrile free ions are still observable on the nanosecond
time scale. The explanation of our experimental findings beyond an empirical kinetic model requires
that the microscopic realm of the intermediates, which comprehends their spatial and environmental
distributions, is taken into account. We combine a distance dependent electron transfer model given by
Marcus theory with the Smoluchowski diffusion model. The depletion of the radical pair distribution at
small distances causes a temporal increase of the mean distance and leads to the observed stretched
exponential electron transfer dynamics. A close accord with the experiment can only be reached if a
broad distance distribution of the nascent radical pairs is assumed. The increase in the inter-radical and
inter-ion pair distance is directly measured as a shift of the UV-Vis absorption maxima of the products.
Our results demonstrate that traditional descriptions of reaction mechanisms based on the concept of

contact and solvent-separated pairs have to be reassessed.



1. Introduction

Carbocations are key intermediates in many organic reactions. They can be generated by
photoinduced heterolysis of organic halides such as R-C1°** or other precursors.®™**° The photolysis
of these precursors can also lead to the generation of carbon-centered radicals.”''*® Photoinduced
heterolysis and homolysis are ideal processes for the time-resolved investigation of bond cleavage and
subsequent reactions involving the photogenerated ionic and radical intermediates via ultrafast pump-
probe spectroscopy. Such processes were previously investigated by nanosecond pump-probe
experiments of McClelland® as well as Miranda, Scaiano and coworkers,'® and by product studies of
Hilborn et al..”” Their data have led the researchers to propose that in addition to the direct generation of
carbocations and carbon-centered radicals by photoinduced bond cleavage, there is a pathway by which
initially generated radical pairs decay into ion pairs via electron transfer.*'%*’ It was suggested that this
pathway is the main source of carbocations.”’** However, the factors contributing to the electron
transfer responsible for the interconversion of radicals to cations are not yet clear. Early work of Peters
and coworkers on the photolysis of benzhydryl halides suggests that the interconversion occurs via
electron transfer in the vicinity of the radical and cation potential energy surface crossing.''?"
However, as was shown by several groups, intermolecular electron transfer can occur on much larger

3134 1t is therefore conceivable that

donor-acceptor distances and is strongly affected by diffusion.
carbocations are not only generated from radical pairs in contact distance but also from radical pairs
separated by at least one solvent shell.

Furthermore, it is not clear how the carbocation yield is related to the electron transfer. It has been
reported that the yield of the benzhydryl cations observable with nanosecond techniques is strongly
solvent dependent and that in many solvents virtually no carbocations can be detected.®” For example,
moderately stabilized benzhydryl cations Ar,CH' (E>0, compare Chart 1) can be obtained by
photolysis of the corresponding benzhydryl chlorides in CH3CN but not in CH,CL’ and the photo-
generation of these benzhydryl cations in CH,Cl, requires other photo-leaving groups such as PPh;.*>2°
In view of the important role these reactive intermediates play in organic chemistry and as initiators of

21,3537 it is desirable to find out whether an inhibition of the electron transfer or

organic polymerizations,
an efficient depletion of the ion pairs by geminate recombination is responsible for the negligible
quantum yields in solvents of low polarity.

Here we present ultrafast broadband pump-probe experiments on the photolysis of a set of benzhydryl
chlorides (shown in Chart 1). The sub-100 fs time resolution and the ultrabroad probe (290 nm —
700 nm) allow for the observation of the dynamics of all evolving product bands and make even subtle

effects visible, such as shifts of the maxima of the UV-Vis product absorption band (peak shifts) and



possible non-exponential population dynamics. The wealth of data generated by the quantitative
evaluation of the broadband measurements and the modifications in the substitution pattern lead to a
detailed reaction scheme which is presented in Section 3. In Section 4 we develop a microscopic model
to quantifiy and detail the proposed mechanism. Furthermore, we analyze the temporal shifts of the
benzhydryl cation and radical absorption band to trace the microscopic changes in the solute
environment. In Section 5 we study the influence of solvent and temperature variations on the dynamics

and yields. A further dimension is gained by changing the nature of the substituents on the aryl groups.

Chart1 Benzhydryl Chlorides Investigated in this Work and Empirical Electrophilicity Parameters £
of the Corresponding Benzhydryl Cations”.

compound abbreviations E

(tol),CHCI 3.63

:;o

Cl
tol(Ph)CHCI ~ 4.43

Ph,CHCI 5.47

&3

mfp(Ph)CHCl ~ 6.23

E

Cl
F F
O O dfp(mfp)CHCl  7.52
F

*) AE = 4 on the logarithmic E scale indicates that dfp(mfp)CH" is approximately 10,000 times more
electrophilic than (tol),CH".
®) From Ref. 38



2. Quantitative femtosecond pump-probe spectroscopy

Materials. Benzhydryl chloride (Ph,CHCI) was purchased from Sigma-Aldrich and used without
further purification. The derivatives (tol),CHCI, tol(Ph)CHCI and mfp(Ph)CHCI were prepared as
described in references 39 and 40. The details for the synthesis of 3,3°,5-trifluorobenzhydryl chloride
dfp(mfp)CHCI are given in Section S6 of the Supporting Information. The solvents used were of the
highest spectroscopic grade available.

Femtosecond transient absorption measurements. The details of the femtosecond transient
absorption setup have been described in reference 41. For the measurements presented here, solutions of
the precursors were pumped through a flow cell of 120 um optical path length and excited at 270 nm,
close to the maximum of the first absorption band. The pulses had an energy of about 200 nJ and a pulse
duration of ~35 fs. They were focused down to a diameter of ~ 100 um leading to a fraction of excited
precursor molecules in the pumped volume of < 1% (see SI, Section S1.2). A CaF; continuum spanning
from 290 nm to 700 nm and polarized at the magic angle was used as probe light. The temporal
resolution was ~ 100 fs, well below all observed decay rates.

Temperature dependent measurements have been carried out with a slightly modified flow cell
system. The temperature of the sample, the pump and the flow cell itself were kept at a constant
temperature between 5 °C and 60 °C by a thermostat. The temperature of the sample solution was
additionally monitored by a digital thermometer.

Conversion of absorption changes into absolute quantum yields. Absolute quantum yields are an
essential measure to gain detailed insight in the mechanism and dynamics of photochemical processes.
While rates give information on the speed of a reaction, quantum yields give access to the efficiency of
the product formation on the sub-pico to microsecond timescale. They often allow for the determination
of competing rates that can otherwise not be measured. The concentration of excited precursors can be
derived from the pump pulse wavelength, energy and FWHM diameter as well as the molar absorption
coefficient of the precursor. Since the molar absorption coefficients of the benzhydryl radicals and
cations are well documented in the literature,’ we are able to calculate the time-dependent
concentrations of photogenerated benzhydryl radicals and cations. By comparing the concentration of
the photofragments to the concentration of excited precursors, one obtains the time-dependent quantum
yields of benzhydryl cations and radicals. Final yields of specific sub-processes (e.g., electron transfer)
are the limit to "infinite" time and technically determined from the preexponential factors in the fit. The
details of the calculations of the yields are given in the Supporting Information, Section S1 and S2. The

resulting values are summarized in Table 2.



3. Photoinduced dynamics of benzhydryl chloride and its
photoproducts

Figure 1b shows the evolution of the transient absorption spectrum after UV-irradiation of benzhydryl
chloride (Ph,CHCI) in acetonitrile (CH3CN): The probe wavelength is plotted on the horizontal axis and
the pump-probe delay on the vertical axis. Blue color indicates low absorbance and red color high
absorbance. The delay on the vertical axis is shown in a linear scale for the first ps and in a logarithmic
scale afterwards. After UV irradiation, we observe the appearance of two bands at 329 nm and 435 nm
(see Figure la for the spectrum observed after 40 ps). The two spectral signatures coincide with the
product bands observed in nanosecond laser flash photolysis experiments on benzhydryl halides’ and on
benzhydryl phosphonium ions.*® In line with refs. 9 and 26, and other reports we assign the band at
329 nm to the benzhydryl radical and the 435 nm band to the benzhydryl cation. After a fast initial rise,
the radical band reaches its maximum at ~ 1 ps and subsequently decays within 100 ps to about half of
its initial intensity and then remains constant on the nanosecond time scale. In contrast, the cation band
reaches its maximum within 40 ps and subsequently decays within a few hundred picoseconds. The
residue of the cation signal is stable on the nanosecond time scale (compare Figures 1b and 2).

The temporal evolution of the signal attributed to the cation and radical population along the vertical
lines in Figure 1b is shown in Figure 2 (grey circles). To quantify the product dynamics we employed
fits on the band maxima of cation and radical (red lines): Both products show a fast initial rise which
can be fitted with a 300 fs (radical) / 260 fs (cation) exponential time constant. While the fast rise of the
radical signal is associated with a large increase of its population, the rise of the cation signal amplitude
is 20 times weaker. For the subsequent picosecond decay of the radical and rise of the cation a
satisfactory fit can not be obtained with a single or double exponential. However, we obtained an
excellent fit by employing a stretched-exponential function like A(¢) = Asg exp(—( t/t SE )ﬂ SE ) A
comparative mono-exponential fit for the PhyCH® radical is shown in Figure S2. It turned out that the
dynamics of the large number of measurements with differing substituents, solvents and temperatures
can all be well fitted with gz = 0.5. In order to confine the number of free fit parameters fgz was
therefore set to 0.5. For the decay of the radical and the rise of the cation we obtain the same time
constant of zgz= 11.1 ps. With this time constant the cation signal increases largely and the cation
population reaches its maximum. The radical population decreases with the same time constant and then
remains unchanged for several nanoseconds. The magnitude of the population changes matches closely.
At later times the cation absorption shows a further decay with a time constant of 140 ps before it
reaches a constant level after 1 ns. The need to include standard and stretched exponentials into a stable

fit of the complete experimental data set is in distinct contradiction to earlier analyses.”° The



conclusions drawn from the earlier multi-exponential fits of single wavelength measurements, therefore,

have to be viewed with care.
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Figure 1 (a) Transient spectrum at a pump-probe delay of 40 ps and (b) false color representation of
the 2D transient absorption data matrix of Ph,CHCI in CH3CN after 270 nm UV excitation.
The delay time axis is linear between -1 and 1 ps and logarithmic beyond 1 ps.

Based on the experimental data and fits presented so far, we develop a kinetic reaction scheme for the
population dynamics of the photoproducts which is shown in Scheme 1. We assign the 300 / 260 fs time
constants to simultaneous photoinduced homolytic and heterolytic C—CI bond cleavages and subsequent
solvent and geometric relaxation of the benzhydryl radical and cation. Details of this complex evolution
of the earliest signals, that can also explain the slightly different times, are discussed elsewhere.*> While
the homolysis leads to the radical pair Ph,CH® / CI* (path @ in Scheme 1) with a quantum yield of
Dpom = 40%, the heterolysis generates the ion pair Pho,CH' / CI” (pathway @) with @y, =2% (see
Figure 2 and Table 2). The mechanism of the ultrafast bond cleavage of Ph,CHCI has recently been
investigated by high level ab inito calculations™ which suggest that in solution homolysis is favored
over heterolysis.

The stretched exponential time constant gz = 11.1 ps is associated with a dramatic rise of the cation

signal and a substantial decrease of the radical signal. This coordinated rise and fall indicates that the



cations are formed from the radicals via an electron transfer from the benzhydryl radical to the C1°

radical in close vicinity (pathway ® in Scheme 1). As has been shown,**

the fact that the electron
transfer has to be fitted with a non-exponential function indicates that the observed kinetics is coupled
to a process which occurs on a slower time scale. It will be shown that this process is diffusion which is
too slow to overcome the depletion of close Ph,CH® and CI° radicals by electron transfer (see Section
4). Consequently, the distance dependent electron transfer rate translates to the time-dependent electron
transfer rate seen in the experiment. The mean electron transfer time is given by twice zsz *°, i.e. 7or =

2 155 =22.2 ps.
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Figure 2 Temporal evolution of the signal of (a) the benzhydryl cation and (b) the benzhydryl radical
in CH3CN. The corresponding cation and radical quantum yields @uion and D,qgicar are
indicated on the right vertical axes. Fits are shown in red. Results from the simulations
which combine Marcus type electron transfer and Smoluchowski type diffusion with and

RP and kP (see Section 4.1) are shown in blue and

without the fragment escape rates k. ose

green. The calculated signals have been normalized with respect to the radical population
after the homolytic bond cleavage.

The electron transfer is the main process depleting the radical population. Still, a sizable part of the
radical pairs can avoid electron transfer and also geminate recombination (pathway ®) and separate by
diffusion leading to free radicals (pathway @®). A major part of the formed cations decays with an
additional time constant of 138 ps while a smaller fraction remains unchanged for hundreds of

nanoseconds or even longer. This behavior can be explained by a competition between the geminate
7



recombination of the ion pair and diffusional separation of the ions: After the photoinduced C—Cl bond
cleavage, the ion pairs generated by heterolysis or electron transfer can either separate to give rise to
long lived free ions (pathway ®) or recombine to Ph,CHCI (pathway @). The geminate recombination
can only occur as long as the fragments are in close vicinity and is terminated by diffusional separation.
The observed cation decay time of 138 ps therefore is determined jointly by the geminate recombination
and the cation escape. The individual rates can be extracted from the data and turn out to be

k}{fc =5.05%x107s~! and kelfc =2.19%x10%s7! (see Supporting Information for details).
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Scheme 1 Reaction mechanism (not to scale) with reaction yields observed in CH3;CN. After UV

excitation of Ph,CHCI the excited molecules undergo predominantly homolytic bond
cleavage @©. The heterolytic pathway @ is only of minor importance. An electron can be
transferred within the radical pair @ leading to the major part of the observed cation
population. The simultaneously occurring diffusional separation of the radical pair @ slows
down the electron transfer and eventually leads to free radicals. A minor fraction of the
radical pairs recombines to reform Ph,CHCl ®. The ion pairs in close vicinity either
undergo geminate recombination to the starting material @ or escape and diffuse apart ® to
form free ions.

4. Microscopic picture of the photo-induced reactions in time

and space

The temporal evolution and the final quantum yield of the photogenerated radicals and cations are the

result of a subtle interplay between the time-dependent electron transfer, the geminate recombination



and the diffusion. However, the mechanism in Scheme 1 is only a simplification to illustrate the
fundamentals of the photo-process. The non-exponential kinetics observed for the depletion of the
radical population and the generation of cations cannot be modeled by reaction mechanisms solely
based on a simple picture of transitions between intermediates with well-defined spatial and

. .. . . 1146
environmental conditions, such as contact pairs and solvent-separated pairs.

The generated radical
and ion pairs actually span a range of distances, configurations and environments leading to a varying
behavior. Therefore, we replace the kinetic model used so far by a microscopic description that
explicitly takes into account the distribution of intermediates involved in the processes. In the
microscopic model inter-radical and inter-ion distance dependent rates for the electron transfer, the
geminate recombination and the escape are used. The spatial average of these rates over the time
dependent spatial distribution then renders the experimentally observable rates that actually correspond

to the ensemble average.

4.1 Theory: Combined Marcus - Smoluchowski model

The reaction mechanism proposed at the end of Section 3 incorporates electron transfer and geminate
recombination subject to diffusion. Based on Scheme 1, these concepts are used to simulate the
population dynamics and the associated signals. We embed the two processes in a joint theoretical
model by combining diffusion with distance-dependent electron transfer and geminate recombination of
the photofragments (these processes are associated with the steps ® to @ in Scheme 1). A similar
approach has already been employed by Fayer and coworkers®’ for describing electron transfer
processes in dyes and by Grampp and coworkers® for bimolecular fluorescence quenching. The bond
cleavage and the initial solvation dynamics occur in the first hundreds of femtoseconds and are not topic
of the present investigation. It suffices to start with the effective situation present after a few hundred
femtoseconds. We begin the description by a first overview of all relevant aspects and detail them later
in the Section together with the results of the simulation.

Time dependent population distributions. We consider the time dependent population distribution
Ppp(R,t) for the radical pairs and P;p(R,t) for the ion pairs. We assume spherical symmetry and R
denotes the distance between the centers of the two species making up each pair. The two functions
correspond to the probability that a radical or ion pair is separated by the distance R at time t. The
diffusional evolution is described in the frame work of the Smoluchowski formalism,48 the distance
dependent electron transfer rate kz(R) by Marcus theory,
KRP (R) and kP (R) as well as the escape rates kgc) (R) and kP (R) by a distance dependent

rec rec esc

and the geminate recombination rates

rate each. To obtain the overall population P(#) which is proportional to the experimentally accessible



product absorption, integration over the distance coordinate starting from the contact distance R. =

Fbenzhydryl T 1 = 6.13 A is necessary

©
P(t)= | P(R,t)dR (1)
RC‘
Fpenzhydryl @0d 7y are the radii of the fragment radicals deduced from the cavity volume found by a
DEFT calculation in a continuum solvation model.
Prp(R,t) and P;p(R,t) cannot be directly propagated, instead underlying distribution functions Spp(R,?)
and S;p(R,t) have to be used.>>>! These are related to Prp(R,t) and P;p(R,t) bysz'54

Pep (R.t) =4nR% Spp (Rt )exp| —Vp(R)/kpT | (2)
Pip(R,t)=4mR?* S;p(R,t)exp[ —V;p(R)/kpT ] (3)

with the intrapair potentials Vzp(R) and V;p(R). The radial distribution function g(R) modeling the
partially ordered solvent shell is entering the description through the potentials. kg7 is the thermal
energy. This step is needed to ensure that the Boltzmann distribution is an equilibrium solution of the
model.

Differential equations with sink and source terms. The resulting set of coupled differential

equations is

0
= Srp(Rot) = L"Spp(Rot) = kpp (R)Spp (R.1) (4
~ ke (R)Spp (Rot) = kS (R)Sgp (Rt
2 (Rt) = 'S, (Rt) + ki (R)Sp (Rot exp| ~—C L
or 2P = R e AR TR AR O Rp AR Ty e kT R (5)

~ kP (R)S;p(Rt)-kIF (R)S;p(R,1)

The exponential factor accompanying the source term in eq. 5 ensures that the population transfer
between Ppp(R,t) and P;p(R,t) is properly described by Spp(R,t) and S;p(R,t) within the Smoluchowski
formalism. L is the adjoint Smoluchowski operator in spherical coordinates. The exact form of L and
all other necessary details are given in Section 4 of the supporting information. The system of partial
differential equations is solved numerically for a given set of parameters. Various input parameters were
taken from the literature and others were fitted by comparing the result of the simulation to the

experiment. Particularly important values are discussed below, all values are summarized in Table S1.
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The electron transfer is a sink term for the radical distribution and a source term for the ion pairs. The
back electron transfer pathway is neglected in our simulations since it is highly endergonic in solvents
such as CH3CN or CH,Cl, due to the ultrafast solvation of the cation. The driving force for the electron
transfer is given by the change in Gibbs free energy AGgy. Values for AGgy are known in some cases
from measurements and a complete set has been calculated (see Section S4.3). An explicit distance
dependence of kr(R) is taken as exp[-f(R-R,)] with = 0.7 A1 30 The distance dependence of relevant
quantities for the simulation of the photo-triggered processes in Ph,CHCI dissolved in CH3CN is
displayed in Figure S3a.

Geminate recombination is a sink term for both the radicals and the ions. Strictly speaking it should
only happen at contact, but the quantum mechanical nature of the system allows for some spread. In
accordance with Ref. 55 we model the recombination as &, . (R) = k?e . exp[—a(R - R, )] with
a=10A" Finally, egs. (4) and (5) contain formal sink terms for an escape. These terms refine the
description of the solvent. The Marcus-Smoluchowski equations (4) and (5) are based on a continuum
solvation model where the dielectric constant of the solvent remains invariant for the photofragment
separation distance. In other words, the continuum model assumes that the fragments are surrounded by
a complete solvation shell for all fragment distances. In actual fact however, fully stabilizing solvation
shells are only formed at distances large enough to accommodate two solvent molecules between the
two ions. This leads to a sudden decrease of the energy of the system as the photofragments move apart
and prevents them from reencounter. We use a sigmoidal function with a 50% value at R. +
2d,,;,=13.3 A for k,,(R) to model the transfer from reactive (bound) radical/ion pairs to free ones.
Here d;,;, denotes the solvent diameter. For the evaluation of the time dependent populations (egs. 1-3)
we add the populations of the reactive species and the free ones to Pr(R,#) and P;(R,t) since they
contribute equally to the experimental signal.

Initial conditions. In our model, the initial distribution of radical pairs is described by a Gaussian for
Srp(t=0) centered at a mean benzhydryl radical - C1° radical distance larger than the contact distance R,

by half a solvent diameter d,;, and with a half-width at half-maximum (HWHM) of 1.8 d,,;,. These

olv olv

values were obtained as best fit to the experimental data from simulation runs with varied distributions.
A similar distance distribution has been found for electrons that have been photo-detached from I in
aqueous solution.”® The need for a nascent distribution which far exceeds direct contact of the radicals
can be seen directly from the experimental data (compare Figure 2). The cation yield from electron
transfer increases rapidly in the first 10 ps. This means that the electron transfer rate has to be quite
significant, roughly kg(R,) = 102 s 1f only pairs close to contact would be present, the same high
rate would lead to a nearly complete depletion of the radical population. Only the rather wide nascent
distribution used in our simulation can lead to the observed survival of roughly half the radicals. The

stretched exponential behavior observed is a direct consequence of this evolution of the population
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distribution and the ensuing slow down of the ensemble averaged electron transfer rate. It should be
noted that we effectively start to consider the evolution of the benzhydryl cations and radicals after a
few hundred femtoseconds when the planarization and solvation is complete, and the distance
distribution has become quasi-stationary. For distances smaller than R, the distribution is set to zero.
This mirrors the fact that fragments which are not ejected far enough are nearly instantaneously
recombining. This is also seen in the total yield of fragments that is far from quantitative.

Results of the simulation. The time dependent radical and ion distributions in CH;CN for the best fit
are shown in Figure 3 a) and b). The calculated population dynamics for the benzhydryl radical and
cation are compared to the experiment in Figure 2 (blue lines). For delay times above 1 ps there is an
excellent agreement between the experimental and the simulated signal. For times below 1 ps the
effective increase of optical signal strength by planarization and solvation prevents the direct extraction
of populations from the experiment.42 A list of all the input parameters used in the model (taken from

literature) and the values determined for the best fit is given in Table S1.
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Figure 3 Simulated time-dependence of the population distribution with CH3CN as solvent for (a) the
sum of the bound and free ion pairs P; (R,¢) and (b) the sum of the bound and free radical
pairs Pg (R,t). Population distribution with CH,Cl, as solvent (c) for the ions and (d) for the
radicals (see Section 5). The shaded area indicates distances smaller than the contact
distance R.. Nascent photofragments generated in this area (dashed lines) are assumed to
recombine immediately.

The initial distribution Pgp(R,t=0) shows some degree of structure due to the solvent shells. Within
the first few ps the closest radical pairs are converted to ion pairs or recombine. At =10 ps the
probability to find radical pairs in the range from R, to R.t+d,, is already extremely small.
Simultaneously the ion distribution P;p(R,¢?) rises from the small nascent values with a large distribution

to sizable values close to R.. At tens of ps the radical distribution broadens due to diffusion and
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effectively shifts to larger average values, both due to diffusion and the still ongoing yet decreasingly
important electron transfer and radical recombination at close distance. The ion pairs are held together
by Coulomb attraction and therefore geminate recombination can compete with the diffusional
separation. The value for the radical pair mutual diffusion coefficient Dy was taken from Ref. 47. The
value for the ion pair was varied in the optimization of the model and the best value of Dg(IP) =

60 A%/ns is in the range of recently published values.’”®

It is significantly smaller than the value for the
radical pair since the mobility of the ions is decreased by the stronger solvent-solute interactions and the

resulting larger hydrodynamic radius.”

The distance integrated radical population shows a pronounced decay and the cation population an
increase with a stretched time constant of 10.8 ps (compare blue lines in Figure 2), nearly identical to
the experimental value of 11.1 ps. The conversion of radicals to ions is slowed down from 20 ps on and
ceases shortly after 100 ps due to the depletion of the radical distribution close to contact and the
diffusional separation. The depletion is caused by both the electron transfer and the partial geminate
recombination and in turn stops these processes eventually.

The cation population clearly decreases from the maximum achieved at 40 ps. This is due to the

i

rec,0 = 25><1095_1 at contact distance. The

geminate recombination which we model with &
experimental value of 5.05 x 109571 = (198 ps )_1 is five times smaller. This directly reflects the fact
that the value in the simulation is distance dependent and only a part of the ion pairs are in the range
where geminate recombination becomes effective, while the experimental value is deduced for the
whole ensemble. To obtain more comparable values, we calculated the recombination rate, i.e. the
ensemble averaged probability, for selected times (see Table 1, second to last column). At 1 ps the
calculated rate is nearly twice as fast as the experimental rate due to the large fraction ions pairs with a
small separation. At 40 ps it is roughly equal and at 2 ns it starts to become unimportant.

For the radical recombination a much faster value of k]fii) 0= 300 x 10751 is found. This might
seem surprising at first sight. We calculated the driving forces 4Ggp and 4Gp and find the change in
Gibbs free energy by 1.61 eV more exergonic for the radical recombination (see Table S2). This can
readily explain the observed situation.

Without the consideration of escape rates for both the radicals and the ions (see above), we cannot
reproduce the leveling of the radical population in the sub-ns range, the recombination would keep
going. This is shown in Figure 2 as green dashed lines. To reproduce the experimentally observed stable

radical and cation population on the nanosecond timescale, equal escape rates
(RP  _ 4 IP

esc,0 esc,0
diameters from contact distance, only pairs that have already been separated by diffusion are

= 6.67x10%s7! are used. Due to the sigmoidal function centered at two solvent

"stabilized" by the escape rate. The calculated escape rate (see Table 1, last column) at 1 ps shows little
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likelihood for the ions to escape due to the tight distribution. At 40 ps it even decreases since the newly
generated ions are close to R, and only at 2 ns it becomes quite sizable. The escape rate only has effect
in a distance range where the electron transfer and the geminate recombination are no longer active.

Ensemble averaged properties. The ability to calculate ensemble averaged properties and in this
way to link the microscopic picture with the experimental observables has been used for a number of
further analyses. The results are summarized in Tables 1 and 2 and compared to the experimental
values.

The electron transfer rate is dominantly determined by 4Ggr and the effective electronic coupling
element V. . We calculated values for AGgr (see Table S2) that compare favorably with the
experimental values where available. For the simulations we allowed a variation within the known
accuracy of the calculations of 0.1 eV. The value of V ;= 57 cm’! is within the range reported for these

50,60 As a result an electron transfer rate of 667 x 109s_l is found on contact. The

types of systems.
ensemble averaged rate kg7 drops from 66.7 x 1075 Lat 1 ps to 3.77 x 107571 at 40 ps and finally
practically vanishes at 2 ns when all remaining radical pairs have converted to free radicals. The
theoretical model shows that the experimentally observed deviations from mono-exponential decays are
caused by the starting distance distribution of the radical pairs and the distance-dependence of the
electron transfer rates. This leads to the effectively time dependent electron transfer rate depicted in
Figure S5.

The various yields clearly become time dependent as the constituting processes evolve. By ¢ = 2 ns
the accumulated yields obtained from the simulation are all very close to the experimental values. Since
we mainly used the comparison with the optical signals, i.e. the radical and cation population for the
adjustment of the model parameters, the close match of all individual yields nicely confirms the
consistency of our model.

In summary, the simulation highlights the importance of diffusion for the persistent generation of free
ions and free radicals. The electron transfer predominantly happens in a narrow part of the distribution
of benzhydryl - C1°® inter-radical distances, even though a fairly wide range of distances arises from the
photo-induced bond cleavage. This is a consequence of the electron transfer rate which decays
exponentially with increasing distance. The generated ion pairs still experience the Coulomb potential
and cannot diffuse apart as easily as the uncharged radicals. This more than compensates the smaller
driving force for recombination as compared to the radicals and leads to a higher overall recombination
yield. The kinetic model invoking transitions between distinguishable species, i.e. contact ion pairs,
solvent-separated ion pairs and free ions as well as geminate radical pairs and free radicals used in the
extensive work on the photolysis of benzhydryl halides by Peters and coworkers''***® does not consider

these microscopic details and renders at best a phenomenological description.
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Table 1. Experimental and Theoretical (italic) Driving Forces AG and Rate Constants & of the Electron
Transfer, Geminate Recombination and Escape for Different Benzhydryl Derivatives and Solvents (See
Supporting Information, Section S1.4 and S4.2 for Definitions)

solvent derivative AGpr ) AGpr ’ ‘SE : kEgT krl gf keli’
(eV) (eV) (ps) (107/)  (10s)  (10°)s)
e @° ®F
(tol),CHC1 -1.79 -1.82 17.6 3.57 1.98
tol(Ph)CHC1 -1.69 -1.70 18.7 4.10 1.93
Ph,CHCI -1.68 -1.61 11.1 5.05 2.19
1 ps 66.7 7.87 0.86
CH;CN
simulation -1.71 10.8 40 ps 3.77 5.81 0.46
2000 ps 0.13 1.33 3.23
mfp(Ph)CHCI -1.48 8.4 5.13 2.52
dfp(mfp)CHCI -1.19 - 14.5 5.59
(tol),CHCI - -1.45 19.3 4.08 <0.25
tol(Ph)CHCl - -1.32 242 5.68 <0.25
Ph,CHCI - -1.23 11.2 7.46 <0.25
CH,Cl,
1 ps 35.7 7.30 0
simulation -1.13 12.3 40 ps 2.31 10.0 0
2000 ps 0.004 0.37 0
butyronitrile Ph,CHCI - - 273 6.06 1.12
chloroform Ph,CHCI1 - - 13.0 8.00 <0.25

) Experimental and o ) calculated Gibbs free reaction energy of the electron transfer within the radical
pair. Experimental values from the one electron reduction potentials for benzhydryl cations (from Ref.
61) and the CI® radical (from Ref. 62). For calculation see Section S4.3 ©) Stretched exponential time

constant assigned to the electron transfer ®. d ) Microscopic model ensemble average of the electron

transfer rate at selected times. ©) Rate of the ion pair geminate recombination @. f) Rate for the cation
escape by diffusional separation ®.

15



Table 2. Experimental and Theoretical (italic) Yields Y and Quantum Yields @ of the Electron Transfer,
Geminate Recombination and Escape for Different Benzhydryl Derivatives and Solvents. See

Supporting Information, Sections S1.3 and S4.2 for Definitions. All Values in %.

solvent derivative Puom  Pher Ypr legf Yelsef YrIePC Yelsi D.i P
®: o ® 6! o @! em™ = ©
(tol),CHCI1 46 2 75 o  25P 64 36 193 114
tol(Ph)CHCl 47 <1 73 o 27P 68 32 177 110
Ph,CHCI 40 2 43 19 38 70 30 157 6.0
Ips 7 3 0 0 0 350 54
CH,CN
simulation 40ps 36 14 9 20 1 19.5 13.2
2000ps 43 17 40 69 31 (157) 6.0
mfp(Ph)CHCl 29 2 16 35 49 67 33 142 22
dfp(mfp)CHCl 20 1 0 49 51 72 28 103 <l
(tol),CHCI 27 2 60 o 40P >95 <5 123 1.3
tol(Ph)CHCl 36 <1 56 2 42 >95 <5 154 <l
Ph,CHCI 32 <1 27 28 45 >95 <5 145 <l
CH,Cl,
Ips 4 3 0 0 0 288 45
simulation 40ps 21 20 9 29 0 18.1 7.2
2000ps 27 26 47 99 0 (145 03
butyronitrile ~ Ph,CHCI 25 <1 21 o 79P 84 16 217 <l
chloroform Ph,CHCI 34 2 20 33 47 >95 <5 157 <l

&) Quantum yield for direct homolytic bond cleavage. h) Quantum yield for direct heterolytic bond

cleavage. i) Yield of the electron transfer (pathway @ in Scheme 1). j) Yield of recombination of the

radical pair ®. k) Yield of escape by diffusional separation of the radical pair @. 1) Yield of the ion pair

geminate recombination @. ™) Yield of escape by diffusional separation of the ion pair ®. ") Final
(nanosecond) radical quantum yield for the experimental values, cumulative quantum yield up to the
specific time for the simulation. ) Final (nanosecond) cation quantum yield for the experimental values,

cumulative quantum yield up to the specific time for the simulation. P) Slightly more cations appear

than radicals disappear. Therefore, Y. rléf has been set to 0% and Y, e§5 has been set

100%.

so that Ygr + YRP -

rec
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4.2 Spectral shifts resolve spatial information

Due to the high signal to noise ratio and the sub 100 cm™ (about 1 nm) resolution provided by our

setup we were able to observe that the product bands shift in the sub-nanometer range. This observable

has not been accessible previously as only two color pump-probe experiments have been carried out on

comparable systems. Due to electronic interactions the absorption band position of a single solute

molecule is a sensitive probe for its immediate environment. With the ensemble averaging in our

measurements the overall band position is given by the convolution of the time dependent distance

distribution and the distance dependent spectral position of the absorption band. Therefore, temporal

shifts of the absorption maximum (peak shift) reveal changes of the distance distribution and thereby

the immediate surrounding in solution, specifically the leaving group and the solvent molecules.
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Figure 4 Measured (dots) and fitted (red line) temporal evolution of the benzhydryl (a) cation and (b)
radical peak position after photolysis of Ph,CHCI in CH3CN. The temporal regime where

the shift is dominated by the changes in the radical and ion pair distance distributions caused

by electron transfer, geminate recombination and diffusion is highlighted in light brown.

Temporal shifts of the absorption band due to microscopic changes have already been observed in the

infrared®” as well as in the visible.”*** In the first hundreds of femtoseconds also the geometric

relaxation of the nascent fragment can contribute to the peak shift.** In the following we will discuss the
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peak shift determined from the transient spectra (compare Figure 1) by an iterative procedure described

in Section S3 of the supporting information.

e The observed temporal evolution of the peak shifts (see Figure 4) shows a complex behavior that
can only be fitted with a sum of exponential functions. After excitation, both the radical and the
cation band experience a pronounced initial blue shift. These shifts can be fitted with time constants
of 170 fs for the radical and 250 fs for the cation.

The values compare well with the published solvation times of 140 fs - 500 fs of CH;CN®®® indicating
that the blue shift is caused by the rearrangement of the solvation shell in the immediate vicinity of the
photogenerated radical and ion pair.*” The radical shows a further red shift within the first 2 ps. While
the initial dynamics up to 2 ps is caused by solvent rearrangement and by relaxation and planarization of
the photofragments, the subsequent peak shifts are caused by the interplay between the diffusional
separation and the population dynamics of the cations and radicals.

e The cation shows a red shift which can be fitted with two exponential functions with time constants
of 2.9 ps and 140 ps. At pump-probe delays larger than 500 ps the cation peak position reaches a
wavelength of 436.1 nm and undergoes no further shift indicating that free and fully solvated
cations have been formed.

From a quantum chemical point of view it is reasonable that the absorption shifts to the red. For

increasing inter-ion distances the energy of the ground state of the benzhydryl cation can be expected to

increase slightly more than the energy of the excited state. Our observation also reproduces the findings

of Schneider et al.*’

who observed that the absorption maximum of free (unpaired) benzhydryl cations

(e.g., (tol),CH") is red-shifted by ~ 2 nm compared to cations paired with BCl; anions.

e The radical undergoes a blue shift from 2 to 30 ps - in contrast to the cation - which can be modeled
with the 11.1 ps stretched exponential found in the kinetic analysis. After a further red shift from 30
to 100 ps with a time constant of 45 ps, the radical peak position reaches a stable wavelength of
328.4 nm.

Unlike for the cation, an increase in the inter-radical distance apparently leads to a blue shift. This can

be rationalized by the fact that the exchange of the Cl1° radical by CH;CN solvent molecules leads to a

better stabilization of the radical ground state and thus a blue shift of the absorption band. By the

observation of the peak shift we trace the change in the inter-radical distance distribution, which is
caused predominantly by the electron transfer.

The 140 ps time constant of the cation peak shift is equal within experimental precision to the 138 ps
total decay time found in the analysis of the cation population. Together with the equality of the 11.1 ps
stretched exponential for the radical peak shift and population kinetics we find a reassuring match

between the population and the peak shift evolution. We therefore arrive at the following microscopic

picture for the reaction scheme: The individual photofragment pairs have a peak position dependent on
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their mutual distance. After photolysis a relatively broad distribution of distances exists leading to an
inhomogeneous peak broadening additional to that caused by solvent interactions. Peak shifts are now
caused by two mechanisms: a) the tendency of the species to diffuse apart and hence to increase the
mean distance and b) the efficient depletion of sub-ensembles with small distances by electron transfer
and geminate recombination. It is the second mechanism that mainly leads to the peak shifts that can be

reproduced with time constants also found in the population dynamics.

5. Effects of temperature, solvent polarity and substitution on

the radical and cation yield

By a suitable variation of physical and chemical parameters we can influence the kinetics and the
yields of the different pathways shown in Scheme 1. While changes in temperature and solvent viscosity
mainly affect the diffusional contribution, solvent polarity and redox potentials of the benzhydryl
radicals and cations affect the driving force of the electron transfer. Control of the redox potential is
achieved by attaching electron donating or electron withdrawing substituents to the phenyl rings of the
benzhydryl chloride precursors (see Chart 1).

Temperature dependence of the electron transfer and geminate recombination. In order to verify
the important role of diffusion experimentally, we carried out transient absorption measurements in a
temperature interval from 5 °C to 60 °C. Figure 5 shows the temporal evolution of the radical and cation
absorption at different temperatures normalized to the maximum. The curves for 22 °C were already
shown in Figure 2. The initial rise of the radical signal within the first 300 fs shows no significant
variation with temperature and is therefore not shown in Figure 5b. Note that in Figure 5 the time axis is
linear as compared to the combined linear/logarithmic scale in Figure 2. In contrast to the 300 fs
increase, we observe a significant decrease of the stretched exponential time constant modeling the
electron transfer from 11.5 ps at 5 °C to 9.4 ps at 60 °C. A consideration of the absolute amplitudes of
the fit gives access to the efficiencies of the processes. While at 5 °C only 37% of the generated radicals
do not undergo electron transfer and become free radicals, 44% of the radicals survive at 60 °C (see
Table S3 in the Supporting Information). Electron transfer quantum efficiencies Yzr can be determined
from the stretched exponential amplitudes of the cation and radical associated with the electron transfer.
We observe a distinct decrease of the efficiency from 46% at 5 °C to 38% at 60 °C (see Figure 5b).

The lower efficiency and the smaller time constant of the electron transfer can be explained by the
lowered viscosity of acetonitrile with increasing temperature.”® At low temperatures the high viscosity
slows down the diffusional separation of the radical pairs. While the change in viscosity does not affect

the electron transfer efficiency for radical pairs at small distances, it becomes important for radical pairs
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at the shoulder of the Gaussian distance distribution. Here the electron transfer rate is substantially

lower compared to the center of the distribution. Therefore, an increase in the effective radical escape

rate keliic) due to a decrease of the viscosity lowers the overall efficiency of the electron transfer.
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Figure 5 Temperature dependence of (a) the geminate recombination of the cation and (b) the radical
absorption due to electron transfer after UV excitation of Ph,CHCI in CH3CN. Time traces
are normalized to the maximum of the absorption. Fits are represented by solid lines. For
clarity, only the data for the highest and lowest temperatures are shown. The initial rise of
the radical signal within the first 300 fs as well as the rise of the cation signal within 40 ps
are not shown.

The temperature has also an impact on the geminate recombination of the cations (see Figure Sa; data

before the cation maximum not shown). Raising the temperature from 5 °C to 60 °C leads to a faster

P

decay of the cation population. The determination of the intrinsic rates for geminate recombination £, .

and diffusional separation of the ion pair kelfc reveals that both are strongly affected by the temperature
(see Table S3). In analogy to the case of the radicals the higher temperature leads to a faster diffusional
separation and therefore the rate kelﬁj rises from 1.78 x 1075 ™! at 5 °C to 2.40 x 10751 at 60 °C. The
higher temperature also facilitates the movement of the reactants towards each other and thus
accelerates the geminate recombination reaction of the ion pair PhyCH" / CI". The rate constant for

geminate recombination kflez therefore rises from 4.10x 10751 at 5°C to 5.92x10%s~1 at 60 °C
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However, the yield of the geminate recombination is hardly affected by the temperature as the faster

geminate recombination is compensated by the faster diffusional separation.
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Figure 6 (a) Substitution dependence of the transient cation quantum yield @4, in CH3CN. (b)
Solvent dependence of the transient cation quantum yield from Ph,CHCIl (c) Solvent
dependence of the final electron transfer yield Yz for different benzhydryl chloride
derivatives.

Influence of substitution and solvent polarity on the intermediate (ps) and final (ns) quantum
yields of the cation generation. Figure 6a shows the experimental results obtained for Ar,CHCI
derivatives with different substituents attached to the phenyl rings in CH3CN (Chart 1). For the cation
with the most electron withdrawing substituents, dfp(mfp)CH", the observed carbocation population
stems only from direct heterolysis. An increase of the population due to an electron transfer is not
observed. For the less electrophilic cations, when the substituents at the aryl rings are varied, we

observe an increase in both the intermediate cation quantum yield @.,;,, on the ps time scale and the
21



electron transfer yield Yzr when going from electron withdrawing to electron donating substituents (see

Figure 6a and 6¢ and Table 1).

Ofial et al.®' have demonstrated that the oxidation potentials of benzhydryl radicals and hence the
driving force AGgr for electron transfer depend on the aryl substituents, but experimental data for the
m-fluoro-compounds are not available. Ab initio calculations for the electron transfer reaction within
the radical pair Ar,CH® / Cl1° yielding the ion pair Ar,CH" / CI” at the M06-2X/6-311+G(d) level of
theory with a PCM solvent continuum for CH3;CN show a change in AGgr from -1.82 eV for the
reaction (tol),CH® CI* — (tol),CH™ CI to -1.19 eV for the reaction dfp(mfp),CH® CI* —
dfp(mfp)CH" CI” (see Tables 1 and S2). Thus, the electron transfer becomes thermodynamically less
favorable as we go from electron donating to electron withdrawing substituents. However, the electron
transfer times observed in our experiments (Fig. 6a and Table 1) increase with increasing driving force.
This behavior indicates that the electron transfer already approaches the Marcus-inverted regime (see
Table 1). As the reorganization energy A(R) changes with inter-radical distance, both the normal and the
inverted regime can contribute to the effective electron transfer rate.

There is also a significant influence of the substituents on the geminate recombination of the ion pair.
The rate of the geminate recombination kr[g: increases when going from the least electrophilic cation
(tol),CH" to the cation with the highest electrophilicity dfp(mfp)CH". This behavior is reproduced by
the ab initio free reaction energy for geminate recombination of the ion pair 4G shown in Table S2.
An increase of the rate constants for activation-controlled reactions of benzhydryl ions with chloride
anions was also reported for bimolecular reactions on the >10 ns time scale’' and nicely matches the
increasing rate k}{g, for increasing electrophilicity. Increasing electrophilicity of the benzhydryl cation
leads to a distinct decrease of the nanosecond cation quantum yield @, . as the yield of geminate

o vIP
recombination Yr oc

grows and the yield of the electron transfer Yz drops (see Figure 6a and Table 1).
As mentioned in the Introduction, the quantum yield of carbocations resulting from the photolysis of
benzhydryl halides is negligibly small in many solvents on the nanosecond time-scale.”” Our
femtosecond pump-probe measurements show that for PhCHCI no electron transfer occurs in apolar
solvents like cyclohexane (E7' = 0.006"%) and n-heptane (E7" = 0.012) (see Figure 6¢). The ab initio
Gibbs free reaction energy values AGgr of the electron transfer indicate that in these solvents the
electron transfer is an endergonic process (see Table S2 in the Supporting Information). In contrast, in
the moderately polar solvents dichloromethane (E7" = 0.309) and chloroform (E7" = 0.259) electron
transfer does occur, with an electron transfer yield Yzr of about 20% (see Figure 6b, 6¢ and S8). As in
CH3CN (Yer = 43%, Ef = 0.460) this leads to a significant intermediate cation quantum yield on the

picosecond time scale. The large cation population is however quickly extinguished by an extremely
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efficient geminate recombination (Y rIeI(J: > 95%) with a rate of 7.46 x 10571 in dichloromethane and
8.00 x 1075~ ! in chloroform (see Figure 6b and Table 1).

Only in the highly polar acetonitrile a significant fraction of the ion pairs (~30-35%) can separate
diffusionally to free ions which are observable on the nanosecond time scale. This can be explained by
the large difference in the relative permittivities of the solvents. While in CH3CN the large permittivity
(e-=35.94) promotes dissociation of ions, the moderate permittivities of dichloromethane (e, = 8.93)
and chloroform (g, = 4.89) do not allow for a shielding of the Coulomb attraction that is sufficient for
the generation of free ions.”” This leads to the pronounced decrease observed for the rate of cation

escape when going from acetonitrile (kg:: =2.19 % 1095_1) to dichloromethane or chloroform
(kP <0.25x10%571).

An analogous behavior has been found for the solvent dependence of the cation generation from
(tol);CHCI and tol(Ph)CHCI. While a large intermediate cation quantum yield is observed in
acetonitrile, as well as in dichloromethane and chloroform, only in acetonitrile a significant fraction of
the ion pairs separate diffusionally and give rise to free ions. In the moderately polar solvents CH,Cl,
and CHCls, the initially generated ion pairs again undergo highly efficient geminate recombination.

Simulation for CH,Cl, as solvent. To corroborate our microscopic model, we performed additional
simulations for the photo-initiated processes of Ph,CHCI in CH,Cl,. For the description of the reactions
we had to use only slightly varied parameters as compared to CH3;CN. The mutual diffusion coefficient
Dr(RP) is lowered due to the larger cavity radius of both radical fragments in CH,Cl,. The optimum
coefficient Dg(IP) is roughly doubled in accord with the much lower polarity and the subsequent
decrease in solute-solvent association. The escape rate for the radicals could be left unchanged and this
is reasonable since the uncharged radicals should not be influenced too strongly by the solvent polarity.
In contrast, the escape rate for the ions has to be set very low since the low polarity of CH,Cl, does not
stabilize the cation well. We therefore set the rate to zero. The electronic coupling for the electron
transfer is only slightly changed. The main factor for the decreased yield is the decreased 4Ggr. We also
find the recombination rates to increase slightly. For the ion pairs this can be rationalized by the
decreased stabilization of the ions in the less polar CH,Cl,. The resulting simulation of the distribution
evolution (see Figure 3 c) and d)) nicely shows that the radicals evolve quite similarly in both solvents
while the ions in CH,Cl, never separate sufficiently to be eventually stabilized to free ions. The

population kinetics are reproduced with high fidelity as seen in Figure S4 c) and d).
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6. Conclusion

The photolysis of benzhydryl chloride (Ph,CHCIl) shows that the photogeneration of radicals and
cations and their quantum yields observed on different time-scales are the result of several complex and
interconnected processes. In order to decipher these processes and understand their interplay, the
population dynamics obtained from transient spectroscopy is complemented with a quantitative analysis
of the species concentrations. This leads to absolute reaction quantum yields and is substantiated with a
spectral peak shift analysis. Together with a theoretical model that faithfully reproduces the
experimental findings on the Ph,CHCI precursor and gives insight into decisive properties that are not
accessible by experiment, we obtain a mechanism for the radical and cation generation which contains
several unexpected aspects:

e After excitation at 270 nm, Ph,CHCI undergoes predominantly homolytic C—CIl bond cleavage
(41%) in CH3;CN and relaxation into a radical pair with a time constant of 300 fs. The photo-
induced heterolytic C—Cl bond cleavage is a minor reaction channel (2%). Relaxation into the ion
pair occurs with a somewhat shorter time constant of 260 fs. The remaining 57% of the excited
molecules do not contribute to the photofragment population and probably relax directly back into
the ground state.

e The radical pairs with small inter-radical distances undergo geminate recombination (19%),
diffusional separation to free radicals (38%), or electron transfer to form benzhydryl cations and C1™
anions (43%). The latter process generates the major part of the cation population.

e As the electron transfer occurs from a distribution of distances between the benzhydryl and C1°
radical, the system exhibits a wide range of electron transfer rates leading to the observed stretched
exponential with a mean electron transfer time of 22.2 ps.

e 70% of the generated ion pairs undergo geminate recombination in CH3CN, while the competing
diffusional separation leads to free ions for the remaining 30%. As shown by the combined Marcus-
Smoluchowski model the ion pairs generated by electron transfer at larger distances have a higher
survival probability.

Previously the photolysis of benzhydryl halides was described in a kinetic model invoking transitions
between distinguishable species, i.e. contact ion pairs, solvent-separated ion pairs and free ions as well
as geminate radical pairs and free radicals.'" Our femtosecond broadband transient absorption
experiments display a much richer set of information than the former transients recorded at a single
wavelength. It turns out that it is essential to refine the classical treatment by including the coupling of
the distance dependent electron transfer with diffusion. With this microscopic model that does not rely
on exponential transfer rates between well defined species, we are able to obtain an excellent agreement

between the experimental findings and the simulation. This leads to a unified description of the
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population dynamics and shows that there is a smooth transition between the distinct species considered
in traditional descriptions.*® Electron transfer does not only happen in radical pairs at contact distance
but up to distances incorporating at least one solvent molecule.

The observed populations dynamics can only be explained with a distance distribution of nascent
radical pairs spanning out to as much as three solvent molecules in between the benzhydryl radical and
the chlorine radical. Such a wide distribution allows efficient early generation of cations by electron
transfer as well as sufficient survival of radicals at late times. The increase of the mean distance within
the ion pairs in the first 100 ps is not dominated by the diffusional separation of the ions but results from
the fact that the electron transfer at later times occurs in radical pairs which are located further apart. It
is therefore not meaningful to discuss the generation of free ions in terms of a transition from a contact
ion pair via a solvent separated ion pair to free ions. Only at later times diffusion becomes the main
process increasing the mean distance and thus certainly generating free ions.

The dynamics and outcome of the interweaved processes can be steered by the variation of physical
and chemical parameters. The investigation of the cation formation in a series of solvents with varying
polarity unveiled the existence of three regimes. In apolar solvents such as cyclohexane and n-heptane
the photogenerated radical pairs do not undergo electron transfer as the process is endergonic in these
media. In moderately polar solvents, such as dichloromethane, electron transfer occurs but the
carbocation population is almost totally extinguished by geminate recombination, as the low solvent
permittivity does not allow for an efficient ion pair separation. The use of a neutral leaving group can
avoid this problem and lead to a high benzhydryl cation yield.”® Only in highly polar solvents (CH;CN)
a large fraction of the ion pair population is able to avoid geminate recombination and separates to free
ions which are detectable on the nanosecond time scale.

Beyond the population kinetics, the benzhydryl chlorides allow for the observation of the temporal
development of the distance distribution of the transient species via the analysis of the photoproduct
quantum yields and their peak shifts. This constitutes the basis for more advanced multi-pulse non-
linear experiments that have been developed in recent years. For example THz experiments’> and 2D IR
chemical exchange spectroscopy’* allow for a more direct measurement of the CI” anion and CI°® radical

1.7 vibrational

displacement from the benzhydryl rest. Furthermore, as recently shown by Baiz et a
Stark-effect spectroscopy can be employed to measure the solvent response during the electron transfer
between the radicals.

A major impetus of this study was the investigation of the reaction kinetics of photolytically
generated benzhydryl cations with a variety of nucleophiles. As these bimolecular reactions occur on
time scales longer than nanoseconds, the final quantum yields of the free carbocations are the aspect
most important to the practical application of benzhydryl chlorides as precursors for benzhydryl cations.

As many processes that increase or decrease the cation population occur on the femto to picosecond
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time scale, their direct observation and understanding is crucial for the maximization of the final

(nanosecond) cation quantum yield. The reported investigations show that this can be achieved when

the radical pair sticks together as long as possible for an efficient electron transfer and the generated

ions are efficiently separated with the aid of the solvent.
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Molar absorption coefficients used for the calculation of product concentrations:

compound Eradical (L mol”! oB._v Ecation (L mol™! oB._v
(tol)>CHC1 52480 74130
tol(Ph)CHCl 44670 52480
Ph,CHCI 43650 45010
mfp(Ph)CHCI 40740 52480
dfp(mfp)CHCI 44670 73280

S1.2  Concentration of excited precursors

The fraction of precursors which are excited by the pump pulse is given cvnw

P - mwﬁiw "In2 In10

exc A\R\PV.HAU\NVM.mE\mQ Zm

(S1.2)

The calculation therefore requires the precise determination of the pump pulse energy £,,,,,,,, the pump
focal FWHM (full width at half maximum) diameter D at the sample, the pump wavelength A and the
molar absorption coefficient &, of the precursor at the pump wavelength. However, by the optical

density of the sample, the pump pulse energy is attenuated within the sample according to

(x)=E_ 1070Px/L (S1.3)

E pump pump

The average pump pulse energy with which the benzhydryl chlorides are excited is therefore given by

E

u|u§m|o§\h
() de Qb::oTo ;

L
0

1L
E pump,avg = T ._o E pump

(S1.4)
1-1079D

- E -
pump - OD In10

This leads to a correction factor of 20% to 28% for the optical densities (0.2 to 0.3) used in the transient
measurements. Multiplying P,,. (typically < 1%) with the concentration of precursor in the solution

leads to the concentration of excited precursors c,,,.

S3

S1.3  Quantum yields and efficiencies

The time-dependent quantum yield of benzhydryl radical generation @, ;.. (¢) is given by the ratio of

the radical concentration to the concentration of excited molecules:

Cradical A t v

P, adical (1) = e (S1.5)
exc

and analogously for the time-dependent quantum yield of benzhydryl cation generation @, (f). With
the aid of the amplitudes of the exponential fit functions, the final (nanosecond) radical and cation
quantum yields @,,,., and @, ., and the quantum yields for direct homolytic and heterolytic bond

cleavage @, and @y, can be determined:

4
rad ,
%\QQWOO ”ﬁ.‘u AWH@V
exc
nnnﬁoo
Peatyn =5 (S1.7)

exc

nEnnMﬂ + QE&,S

SE:E = Ee— (S1.8)
exc
c +c -c
cat,rec cat,© cat ,ET
Sﬁﬁ = . (S1.9)
exc

The concentration ¢; of a species involved in a specific process is proportional to the corresponding
absorption contribution and and therefore the fitted preexponential amplitudes, e.g., for the ion pair
geminate recombination C.u; yec = Acar rec /(L Ecarion)- For the definition of the preexponential amplitudes
see Figure S1 and Section S2. The determination of the yield of a specific process, e.g., electron transfer
or geminate recombination, therefore requires the fitted preexponential amplitude of this processes. This
yield is time-independent and describes the absolute efficiency of the processes for # — oo. The

following relationships between the concentrations have been used:

Fraction of the ion pairs benzhydryl cation — Cl” anion that undergoes geminate recombination:

n
ﬁwu|§§ ais
ngrxmq + mnmwoo

S4
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between 1 ps and 100 ps and therefore do not reproduce the observed dynamics (see Figure S2). We
find that for the radical the use of a fit function consisting of an exponential rise, a stretched exponential
decay and a pedestal matches the dynamics faithfully. In the case of the cation one more exponential
function is necessary to reproduce the decay associated with the geminate recombination. It turns out
that the dynamics of the large number of measurements with differing substituents, solvents and
temperatures can all be well fitted with S¢z = 0.5. In order to confine the number of free fit parameters

P is therefore set to 0.5.

20F

15F 4

AOD (%)

e experiment
0.5F — fit with exponentials
: —— fit with stretched expontial

T Ty Ty T Ty T

0.1 (b) i

residuum
o
o
T
1

01k time (ps) |

1 10 100 1000

Figure S2 (a) Temporal evolution of the benzhydryl radical signal after UV excitation of Ph,CHCI in
CH;CN with two different fits and (b) the residuum of the fits. The fit represented by the
blue line with one exponential rise (= 0.20 ps), an exponential decay (r = 21 ps) and a
constant pedestal shows significant deviations from the measurement. The fit used
throughout the manuscript for the radical dynamics (red line) with one exponential rise
(t=0.30 ps), a stretched exponential decay (zsz=11.1 ps) and a pedestal matches the
radical signal faithfully.

S7

S3. Peak shift determination

The benzhydryl radical and cation bands observed after photolysis of benzhydryl chloride undergo
small, time-dependent peak shifts already identifiable to the bare eye at a close inspection. However, for
a precise determination of the temporal behavior of the peak shifts, one needs the knowledge of the
exact position for many delay times. We therefore employed an iterative fitting algorithm on the
complete transient absorption data allowing for the determination of the radical and cation band position
for every time delay measured (compare Figure S3). The algorithm first fits a parabola to the band
within a given, sufficiently large interval. The fitted peak wavelength for every time delay is then taken
as the middle of a new, smaller interval on which the parabola is fitted again. The maximum of the
parabola is used as band position. The repetition of this procedure leads to the band position of the
photoproducts with uncertainty smaller than 0.1 nm. Any deviation of this band position from the one

obtained by another definition will only lead to a systematic additive value that is constant for all delay

times.
10} .
20 ps
[ .l..\\.\ 2 ps ]
08} E
=)
g osf -
©
m 3 J
/m\ 04k 328 330 ]
=) 4 1 K 1
e) | -1.00 ]
<
02} 1 .
| —0.95 ]
0.0 ] -
PYRT W W N W SR SN S | PR N Y PR
325 330 L (nm)

Figure S3 Normalized benzhydryl radical absorption band after UV photolysis of Ph,CHCI in CH;CN
for two different delay times. A slight temporal blue shift of 0.6 nm is visible from 2 ps
(black) to 20 ps (green). A magnified detail of the radical absorption band after 2 ps

together with the fitted parabola (red line) is shown in the inset.
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benzhydryl fragment in a solvent shell structure. For these potentials eqs (S4.2) and (S4.3) can be

rewritten as
Ppp(Rit) = Spp(R1)-g(R)-4nR> (S4.9)

2 1

2
— | 47R (S4.10)
anom&»mﬂ R

Pip(R1)=Sip(R1)-g(R)-exp

and the factor accompanying the electron transfer source term in eq (S4.5) can be readily understood.

The radial distribution function g(R) has been modeled by Monte-Carlo mva::m: of the pure solvent.

It resembles a partly ordered solvent structure with a maximum in probability at R ~ d, 2 dy,, and 3

solv s

dsopn » 1.6. multiples of the solvent diameter d,

solv- The solvent structure is transferred to the radical (ion)

pair distribution by shifting g(R) by R, - dj,;,. By this procedure we assume that the solvent structure
around the benzhydryl radical or cation is similar to the one found around a selected solvent molecule.
The chlorine radical or anion is thought to replace one of the solvent molecules. In the actual
simulations we used the geometric mean g between a fully structured (g(R)) and a random

surrounding (g(R)=1) to mimic the deviation from spherical symmetry.

The fragments (benzhydryl radicals and cations, chlorine radicals and anions) are assumed to be
spherical with radii 7,47 and 7¢;. The radii were deduced from the cavity volume determined by a

DFT calculation in a continuum solvation model. The contact distance

wq = xwwﬁ\c\&s\\ T o (S4.11)

is found to be practically identical for the radical pair and the ion pair.

In the Smoluchowski operator we use a distance dependent diffusion coefficient D(R) which accounts
for the hydrodynamic effects.'? The diffusion is decelerated from the bulk value Dp when the two

fragments are in close vicinity:

R—-R
D(R)=Dp _IWQ@ IQ‘Q (S4.12)

solv

The rate for the geminate recombination of the radical and ion pairs is assumed to fall off exponentially

(a =1 A" with distance, starting with a rate constant k o When the pair is in contact at R = wn“_u

rec,

Free (R) = Kypp g - exp| —a(R=R, ) | (S4.13)

S11

The electron transfer rate is described by Marcus anQE,_ >

w (1(R)+AG )

k Ry=2-. 9 . _
e N e Fa T A B P T

with Vg the effective electronic coupling that incorporates the Franck-Condon factor and AGgy the

cexp(—B(R-R,)) (S4.14)

change in Gibbs free energy. The driving force AGgy of the different benzhydryl systems ((tol),CH/CL,
tol(Ph)CH/CI1, Ph,CH/Cl, mfp(Ph)CH/Cl, dfp(mfp)CH/Cl) are derived from quantum chemical

calculations (see Section S4.4) and are given in Table S2.
The reorganization energy A(R) is given by

2
U Y W N s4.15)

op st Tbenzhydryl — 'CI R

with 2;, the internal reorganization energy and &, the relative optical permittivity. The last term in eq
(S4.14) describes the fall-off of the ET rate with increasing distance from contact. 3 is around 1 ALD
We do not use the density of states weighted Franck-Condon factor, since we find that it scales
exponentially with R and cannot be distinguished at the constant temperature of our experiments from

the exp(-f4 (R-R,)) factor. It just increases £ by a small amount.

We model the distance-dependency of the escape rates with a sigmoid function (see Figure S3a) which

is essentially zero at contact distance R, reaches half its amplitude at a distance R,;, around the second

Sig
solvation shell and provides for an escape with the full escape rate »MW o OF »m\m o, for larger distances
RP _ .RP 1
»&qﬁxvl\«aﬂs._ ) (S4.16)
+ ax@ﬁl TN - w&.% :
P _ P 1
Kese (R)= \«%qvoo ’ (S4.17)

1+ oxvﬁlmAw - w,:m vu_

Escape rates are found to be necessary to reproduce the finite survival probability of radicals and cations
found in the experiment. The introduction of »%W and \a%ﬂ refine the description of the solvent. The
Marcus-Smoluchowski equations (S4.4) and (S4.5) are based on a continuum solvation model where the
dielectric constant of the solvent remains invariant for the photofragment separation distance. In other
words, the continuum model assumes that the fragments are surrounded with a complete solvation shell
for all fragment distances. In actual fact however, a fully stabilizing solvation shell is only formed at

distances large enough to accommodate a solvent molecule between the two ions. This leads to a sudden

S12
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distance dependence of relevant
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Figure S3a Distance dependence of relevant quantitites for the simulation of the photo-triggered
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processes in Ph,CHCI dissolved in CH;CN.
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Table S1: Parameters used for the simulation of Scheme 1 according to the model described in S4.1.

parameter CH;CN CH,(Cl, Ref.
solvent
Dy (RP) (A%/ns) 440 3422 27
D (IP) (A?/ns) 60 110 this work
deypy (A) 3.60 3.79 27,28 / this work
Eop 1.80 2.02
&y 36.6 8.93
T(K) 298
solute
R = Thonzyphydryt + Tl A) 3.96+2.17=6.13 this work
KRE 0%s) 6.67 6.67 this work
kP, (10%/s) 6.67 0 this work
R Sig Re + 2 diory this work
electron transfer
AGpr (eV)° -1.71 (-1.61) -1.13 (-1.23) this work
Ve (cm™) € 57 47 this work
BAY 0.7 29
Ay (€V) 0.2 28
recombination
k Mw, o (10%75) 300 370 this work
(308 0 (10%/s) 25 32 this work
a (A 1.0 13
starting distribution
RGauss Re +0.5ds0n this work
Rewrim 1.8 dyon 2.0 dio this work

%) Estimated values from comparison of CH;CN with CH,Cl, °) Driving forces were derived by
quantum chemical calculation and are given in parentheses. For details see Section S3.4 and Table S2. ©)
Ve has been adopted by a fit to the experimental dynamics.
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Fig S5: Time-dependent electron transfer rate kz7(2) calculated according to eq S4.15 and displayed

once linearly (black curve) and once logarithmically (red curve).

S4.2.3 Evaluation of individual time-dependent rates and yields from the simulation

Arogm@BEmwéSmmaSﬁmm »MM Tvmsa »m\m Tvmqaamléawo::%o&mﬁmsomQ%asag:&mmmzos
in eqs. S4.13 and S4.17 and the population distribution in analogy to the electron transfer rate (eq.

S4.22).

The accumulative yield for various processes are determined in the following way. Each sink term in the
differential equations S4.4 and S4.5 is added up during the numerical propagation and properly
transformed into associated population distributions. To obtain the total yield Y., of electron transfer,
ﬁmm of radical escape and vwmm of radical recombination, the distance dependent quantities are integrated

over the full range.

The same procedure is used for the ion yields ¥ %m and QM. All the radical yields are reported in % of
the originally generated radical pairs. The ion yields refer to the totally generated ion pairs up to a given

time. This includes the small nascent contribution directly from the photoexcitation.

The quantum yields @, ;and @, are the ratio of the benzhydryl radicals / cations to the optically
excited molecules at a given time. Since the model does not account for the finite probability of radical
production, we had to fix the lasting radical yield in the model to the experimental values. The

according values are shown in Table 2 in parentheses.
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S4.3 Quantum chemical calculations: Driving force 4Ggr of the electron transfer

The quantum chemical calculations are performed with the program package Gaussian09.%% All
calculations rely on density functional theory, the geometries of the different precursors, benzhydryl
cations and radicals are optimized and confirmed by frequency analysis showing no imaginary
frequency. We use the recently developed hybrid meta-GGA functional M06-2X (see Table S2), which
has proven to give accurate results for the study of main group ﬂroﬁsonrﬁdwmﬂ&\.w_ Additionally we
tested the popular hybrid functional B3LYP. Implicit solvent effects of acetonitrile, dichloromethane
and cyclohexane are included using the integral equation formalism variant of the polarizable
continuum model Qmmwozv.mw.ﬁ
the double £ basis 6-31G(d) and the triple { basis 6-311+G(d). Values obtained with the functional M06-

The thermodynamic data are calculated with two different basis sets,

2X and the triple { basis (see Table S2) are used slightly adapted in the model of distance dependent
electron transfer reactions (see Section S4.2). A further enlargement of the basis set (6-311++G(d,p))
does not improve the calculated Gibbs free reaction energies. The coordinates of the optimized
geometries (functional M06-2X and basis set 6-311+G(d)) are given in Section S7 together with the

absolute electronic energies.

The Gibbs free reaction energy for the electron transfer (4Ggy) as well as the driving force of
recombination of the radical and ion pairs are calculated at standard conditions (298.15 K and 1.0 bar).
The solvation energies for the benzhydryl cations and radicals in CH3;CN, CH,Cl, and cyclohexane are
calculated as the difference A% |H+V /2 va - A V| H|Y vu where H is the electronic Hamiltonian
and /2 the perturbation by the solvent reaction field.
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S5.  Effects of variation on the radical and cation yield

S5.2 Variation of substituents

S5.1 Temperature variation

The photolysis of Ph,CHCI in CH3CN has been measured for a temperature interval from 5 °C to 60 °C. T . ——r
0.20 | cation .
Table S3. Temperature dependence of the yields and rates of the electron transfer and the geminate @m 015 n |
recombination after photolysis of Ph,CHCI in CH3CN. m L |
> 0.10 | -
£ L |
=]
RP b RP pd P P SpCCE '>-
a C
Aﬂo : Yer™ Yo Ve Ve 'SE &WN »\% ﬁ% = I 1 — (tol).CHCI
° % 0 0 0 10% 0.00 FTos oo oI T TS a o - 2
(%) (%) (%) %) (ps)  (107/s) (107/s) (107/s) [ ] el(Ph)CHC
5 459 373 16.8 69.7 115 5.88 4.10 1.78 e — e —— e ———r— —— PN,CHCI
2 428 378 194 697 111 725 505 219 s radical | —— mfp(Ph)CHCI
% I 1 dfp(mfp)CHCI
30 432 398 170 711 107 685 488 198 L-_— i p(mfp)
40 42.1 41.2 16.8 70.3 9.7 7.69 5.41 2.28 .w s 4
50 405 427 168 692 92 794 549 244 2 02} .
60 384 438 179 711 94 833 592 240 £ oA P ]
s | ]
&
%) Yield of the electron transfer J Yield of escape by diffusional separation of the radical pair e e mvxmxv 7
AP | PP | PP | PPN

) Yield of recombination of the radical pair ) Yield of geminate recombination of the ion pair. p 10 100 1000

Figure S6 Influence of the substituents on the phenyl rings on the cation and radical quantum yield in

acetonitrile.
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S6. Synthesis of 3,3’,5-trifluorobenzhydryl chloride

3,3’,5-Trifluorobenzhydryl chloride dfp(mfp)CHCI was obtained from thionyl chloride (1.3 mL,
18 mmol) and w,wum-ﬁmcgovoﬁrv&ao_ﬁ (3.00 g, 12.6 mmol) in dichloromethane (10 mL). The crude
product was distilled in the vacuum (196-198 °C / 1.1x10™ mbar) to give a colorless oil (2.3 g, 72%).

'H NMR (300 MHz, CDCl3): §=5.98 (s, 1 H, CHCI), 6.74 (tt, *Jur = 8.7 Hz, “Jun=2.3 Hz, 1 H, 4-
ArH), 6.89-7.04 (m, 3 H, ArH), 7.08-7.16 (m, 2 H, ArH), 7.28-7.35 ppm. (m, 1 H, ArH);

BC NMR (75.5 MHz, CDCL): 6=61.8 (td, “Jor =2.3 Hz, “Jop=2.1 Hz, CHCI), 103.8 (t, “Jcr =
25.3 Hz, 4-Ar), 110.7-111.1 (m, AXX’-system, 2,6-Ar), 114.9 (d, %Jcr = 23.0 Hz, 2°-Ar or 4’-Ar), 115.7
(d, “Jcr=21.2Hz, 2>-Ar or 4’-Ar), 123.3 (d, “Jer =3.0 Hz, 6°-Ar), 130.4 (d, *Jor = 8.3 Hz, 5’-Ar),
142.3 (d, *Jep = 7.2 Hz, 1°-Ar), 144.2 (t, *Jop = 9.0 Hz, 1-Ar), 162.8 (d, "Jor = 247.5 Hz, 3°-Ar), 163.0
ppm. (dd, 'Jep = 249.4 Hz, *Jop = 12.1 Hz, 3,5-Ar);

'F NMR (282 MHz, CDCl3): —=108.4 - —108.5 ppm. (m, 3,5-F); =111.6 (m, 3’-F).

MS (+EI): m/z (%) = 256.1 (3) [M'], 237.2 (4) 222.2 (36), 221.1 (100) [M—CI ], 219.1 (34), 201.1 (35);

Elemental analysis: Calcd. for C3HsCIF5: C, 60.84; H, 3.14, Found: C, 60.61; H, 3.16.

S26

S7.
(M
@
©)
“)

)

(6)

@
®)

)

(10)

(11)

(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)

References

Bartl, J.; Steenken, S.; Mayr, H.; McClelland, R. A. J. Am. Chem. Soc. 1990, 112, 6918-6928.
Megerle, U.; Pugliesi, I.; Schriever, C.; Sailer, C. F.; Riedle, E. Appl. Phys. B 2009, 96, 215-231.
Sailer, C. F.; Singh, R. B.; Ammer, J.; Riedle, E.; Pugliesi, I. Chem. Phys. Lett. 2011, 512, 60-65.

Lorenc, M.; Ziolek, M.; Naskrecki, R.; Karolczak, J.; Kubicki, J.; Maciejewski, A. Appl. Phys. B
2002, 74, 19-27.

Fingerhut, B. P.; Sailer, C. F.; Ammer, J.; Riedle, E.; de Vivie-Riedle, R. J. Phys. Chem. A, DOLI:
10.1021/jp300986t

Rosspeintner, A.; Kattnig, D. R.; Angulo, G.; Landgraf, S.; Grampp, G. Chem. Eur. J. 2008, 14,
6213-6221.

Schulten, K. private communication

Saik, V. O.; Goun. A. A.; Nanda, J.; Shirota, K.; Tavernier, H. L.; Fayer, M. D. J. Phys. Chem. A
2004, 108, 6696-6703.

Weidemaier, K.; Tavernier, H. L.; Swallen, S. F.; Fayer, M. D. J. Phys. Chem. A 1997, 101, 1887-
1902.

Tachiya, M. Radiat. Phys. Chem. 1983, 21, 167-175.

Metropolis, N.; Rosenbluth, A. W.; Rosenbluth, M. N.; Teller, A. H.; Teller, E. J. Chem. Phys.
1953, 21, 1087-1092.

Northrup. S. H.; Hynes, J. T. J. Chem. Phys. 1979, 71, 871-883.

Wojcik, M.; Tachiya, M. Radiat. Phys. Chem. 2005, 74, 132-138.

Marcus, R. A.; Sutin, N. Biochim. Biophys. Acta 1985, 811, 265-322.

Barbara, P. F.; Meyer, T. J.; Ratner, M. A. J. Phys. Chem. 1996, 100, 13148-13168.
Skeel, R. D.; Berzins, M. SIAM J. Sci. Stat. Comp. 1990, 11, 1-32.

Saik, V. O.; Goun, A. A.; Fayer, M. D. J. Chem. Phys. 2004, 120, 9601-9611.
Lipson, M.; Deniz, A. A.; Peters, K. S. Chem. Phys. Lett. 1998, 288, 781-784.
Fingerhut, B. P.; Geppert, D.; de Vivie-Riedle, R. Chem. Phys. 2008, 343, 329-339.

Horng, M. L.; Gardecki, J. A.; Papazyan, A.; Maroncelli, M. J. Phys. Chem. 1995, 99, 17311-
17337.

S27



8¢S

6EVI-SERT ‘0107 wayD 340 [ g H KRN D “ION

"¥89-8L9 “SIT TI0T g wiayD *SAYd ' 'V ‘0Teutidan ' " “9)00) ' & D ‘UIT IV 'V “0sS]
C1601-90601

CT1 “€00T 00§ “way) “wiy [ H IR 1 SnIonT S ‘runznng <3 ‘oqnyyo Y 'V Teyo
OLIPLL ‘TEL ‘ON0T SAd wayD) [ N YOS D ‘Tuewr[eds

"€0TPS0 “STT “900T SAyd wiay) [ °[ "N ‘YOS "D Tuew[edgt A ‘ouoreg =y ‘ejoxduy

"0TSYTL “#T1 *900T SYd

w2y LD ‘TUBWROS £°Q ‘TUI0)) Y ‘Twwe)) & ‘0ssoIJu <[ ‘ISBWO], ' ‘TOONUUIIA I ‘0JedLIR))

TPT-S1T 01 ‘800T 1unoddy “wiay? 102y "D " “Te[yniy, = A ‘oeqz

"600T ‘LD PIOFSUI[[EAL “'OU] ‘UBISSNED) “XO] [ (] PUL ‘TYSMO[SOID) [ ‘ZINQ "A [ ‘UBWSAIO] 'g

[ ‘sesreq "Q ‘sporue( g Vv ‘youdde(q g ‘Sroquouue( [ [ ‘IOpBA[ES "d ‘YIOA 'V ‘D ‘DISMIZINEZ
‘DA BWMOIO "I VLRI T Y PISIIYI0 "M [ “H[PWOJ D TWwe) Y ‘Unsny [y

‘AdAze X O ‘uuewiens ‘g Y ‘spodwon Y ‘o[[IweIe[ [ ‘Owepy "D ‘UBPEY "A ‘SS0I) g [ XouI]
"q [ OURLS] IN ‘WB[[IAL AL [ ‘839 N ‘I1SS0D) “JA ‘ISeWO, *[ ‘IeSuek] g 'S ‘yueing 1D ‘[ ‘[[Opuay
'V ‘LeyoeRARYSEY "I ‘PUBULION ‘[ ‘TYSARQOY Y ‘A0IdA0IRIS "N “A ‘UIpny] "N I ‘s1oyjoig

g ‘PAOYH ‘[ [ redieag N ‘orenSQ " ‘@yerdd ‘g [ “If ‘AIOWOSIUOIN 'V [ ‘UOAIA "I, ‘TeeN

"H oIy "0 ‘BpuoH "X ‘ewfexeN "L ‘epIys] ‘A ‘emesoseH ‘[ ‘epndng Y ‘el0L0], Y ‘eleqq W
‘epeH ‘N ‘Sloquouuog T ‘[ ‘Suayyz "D ‘ouro[q ‘[ ‘AojAewiz] * "V ‘ueIyojeIy "d ‘H 1T "X ‘0jedLe)
‘N ‘1insieseN "H ‘U0SSI1910d Y D ‘T0onuudA ‘g ‘Quoeq ‘A ‘TUBW[ROS ‘D) ‘UBWASIAYD Y [ ‘Qq0Y
'V A ‘BLIDSNOG “H D) “[SA[YIS g “H “SYONIL “M "D YOSLL [ ‘A ‘TO'V UOISIADY ‘6() UBISSNED

"Ly T0% ‘6661 24N T d ‘Uonn( X ‘udy) 1) Q WSO D) "D ‘95ed
"T0TOT-T6T0T ‘€17 “000T Syd ‘wayD 1A "IN ‘Toke "IN A ‘AONTUYSE[ES] & "H “IOTUIOAR],
YOSHR0 ‘#T1 “900T SAyd wiayD) A N “IOKe] I SN[ Y ‘unon

"0SL-L¥L 9I€ LOOT
202105 " A\ "N ‘AINQPOOA €D “IOseT 'S UaNueld D) [ ‘SWRIIM ©d [ VSV 'S ‘Ur 'Y ‘Suep

YL6V-168Y #8 ‘9861 S ‘woyD [V Y ‘SNOIN TH Twng

‘OLTH-TLTY “#8 ‘9861 S ‘wWayD [V Y ‘SNOIEA IH Twng

"LOSYYT “I€1 600T SAUd “wiay) [ 1, ‘00f '] ‘woy

"€T8TI-90811 001 *9661 Wy sy "V (1 “BUSIAIAN 'S A “AONIUYIIUAYS = “A\ ‘[to0g op

"TIST-T0ST ‘66 ‘S661 wayD 'sdyd N " ‘Wens I g ‘TAuepe]

(Lg)

(9¢)

(s¢)
(29

(€9)

(z©)
(1¢9)

(0¢)
(62)
(82)

L2

(97
(s
#0)
(€0
(z0
(17)






Appendix D6

Ultrafast photochemical reaction with two product channels:

wavepacket motion through two distinct conical intersections
C. F. Sailer, N. Krebs, B. P. Fingerhut, R. de Vivie-Riedle, E. Riedle

To be submitted to Physical Review Letters






Ultrafast photochemistry with two product channels:

wavepacket motion through two distinct conical intersections

Christian F. Sailer *, Nils Krebs *, Benjamin P. Fingerhut b’c, Regina de Vivie-Riedle b, and

Eberhard Riedle **

®  Lehrstuhl fiir BioMolekulare Optik, Ludwig-Maximilians-Universitit (LMU), Oettin-
genstr. 67, 80538 Miinchen, Germany.

Department Chemie, Ludwig-Maximilians-Universitdt (LMU), Butenandt-Str. 11,
81377 Miinchen, Germany.

Current address: Chemistry Department, University of California, Irvine, California
92697-2025, United States.

* corresponding author:
Phone: +49-89-2180-9210
Fax: +49-89-2180-9202

e-mail: riedle@physik.uni-muenchen.de

Abstract

Light induced bond-cleavage is an ubiquitous process in large molecules, yet its quantum
nature is not fully understood. We present a comprehensive description of the ultrafast light
induced C-CI bond cleavage in diarylmethyl chlorides combining femtosecond transient ab-
sorption measurements with ab initio calculations. We observe a delayed appearance of radi-
cals (80 fs) and cations (125 fs). The excited-state wavepacket moves inertially towards two
conical intersections and the passing through these intersections determines the partitioning

into the differing product channels.

Keywords:  femtosecond photodissociation, conical intersection, competing channels

PACS: 82.53.Eb, 31.50.Gh, 82.20.Kh



The optical excitation of valence electrons in atoms leads to long lived excited states that
can only relax by fluorescence. In polyatomic molecules the extra degrees of freedom pro-
vided by the nuclear motion allow for nonradiative decay where part or all of the excitation
energy is converted to vibrations. Ultrafast internal conversion from an excited singlet state to
a lower one has been found to proceed even on a sub-picosecond scale if the energetic differ-
ence between the electronic states is small. More precisely, the geometric distortion leads to
points in the 3N-6 dimensional vibrational space (N atoms in the molecule) where states with
differing electronic configuration cross and the energy gap vanishes. Strictly speaking, the
non-crossing rule of diatomics is not valid for larger systems and the displacement along non-
symmetric coupling modes leads to a conical intersection (Coln) [1-3]. In the vicinity of the
Coln the Born-Oppenheimer separation breaks down completely and highly efficient and

rapid photodissociation [4] or isomerization can take place [5,6].

Experimentally, the presence and effectiveness of a Coln is detected as femtosecond de-
cay of the optical signature attributed to the excited state or the equally fast recovery of the
ground state absorption. For a photochemical process the newly appearing product signal
serves as indication. The detection and interpretation gets more complex as more than one
Coln is involved. Theory has shown convincing examples for this situation and it now seems
to be rather the rule than the exception [1,2,7]. Once the existence of Colns is accepted, the
next step is to move away from the description of the ultrafast process in terms of populations
toward the motion of a vibronic wavepacket from the Franck-Condon point toward the Coln
and beyond. This has recently been demonstrated in a particularly comprehensible study of

the isomerization of rhodopsin [8].

For many chemical processes not only the channels of return to the ground state and a
single product like a ring opened structure [9,10] exist, but two or more product channels. In a
classical kinetic description (rate model) one expects a decay of the excited state signal with
t=1/(kjc +k1+ky ) where ky and k; are the effective product formation rates and k;¢ is the
internal conversion rate. The products are expected to appear equally fast and the ratio of
products is given by r=4k|/ky . From the theoretical point of view the question arises
whether one or two Colns are responsible. To clarify this experimentally, the sole determina-
tion of the ultrafast rates is not sufficient. Additional and more specific signatures have to be

found.

We investigate the bond cleavage of a benzhydryl chloride in solution that is known to ei-
ther proceed homolytically (benzhydryl radical + chlorine radical) or heterolytically (benzhy-
dryl cation + chlorine anion). Previously it was found that both processes occur in well under
1 ps and the benzhydryl moieties can be easily distinguished spectroscopically [11-13]. The

earlier experiments were performed with a broadband transient absorption spectrometer with



high but still limited temporal resolution. We now report two-color measurements with 40 fs
resolution. In this way we can uniquely and unambiguously decipher the complex dynamics

and show that one of two distinct Colns is responsible for each reaction channel.

As model system for the two-channel bond cleavage we choose diphenylmethyl chloride
(DPMC). The molecule absorbs at 270 nm and below by excitation in the phenyl rings (see
Fig. 1b). The bond between the central sp> hybridized carbon and the chlorine is eventually
broken. If the bond electrons are shared between the fragments (homolysis), the benzhydryl
radical with a strong absorption at 327 nm results. If both electrons go to the chlorine (hetero-

lysis), the benzhydryl cation with an absorption centered at 435 nm emerges.

(a) pump
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Fig. 1 a) Transient absorption setup. CPA: chirped pulse amplifier; NOPA: noncollinear

optical parametric amplifier; PC: prism compressor; SHG: second harmonic gen-
eration; DL: delay line; BS: beam splitter; FS: fused silica plate for compensation
of dispersion. b) Absorption spectrum of DPMC in acetonitrile (left) and its tran-
sient absorption spectrum (right) 5 ps after 270 nm excitation. The spectrum of the

pump and the probe pulses are shown below.

For a full resolution of the temporal evolution we use two noncollinear optical parametric
amplifiers (NOPA) and frequency doubling (see Fig. 1a). Optimal compression leads to puls-
es with about 25 fs duration [14]. A mechanical delay line affords the delay between the

270 nm pump pulse and the probe pulse at either 327 or 436 nm. To avoid spurious contribu-



tions from the cell windows, the recordings were performed in a 50 pm free-flowing jet [15].
The evaporating solvent was replenished to ensure a constant optical density. Special care was
taken to determine the delay between pump and probe pulse to a single femtosecond accuracy.
This was accomplished by splitting both pulses and a second "transfer experiment" (for details
see SI). By referencing the transient signal with the shot-to-shot measured pump energy we

increase the sensitivity [14].
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Fig. 2 Transient absorption (black circles) after UV excitation of DPMC in acetonitrile at
a) 327 nm (benzhydryl radical) and b) 436 nm (benzhydryl cation). The coherent
signal from the solvent is subtracted from the raw data (open grey squares) to
yield the pure molecular signal. The fit is shown in red, the excited state absorp-
tion (ESA) in green, the coherent signal from the molecule in purple. The product

absorption from the cation and radical are shown in blue and orange.

With 200 nJ pump energy focused to 76 pm FWHM we excite about 2 % of the DPMC
molecules dissolved in acetonitrile. The large molar extinction coefficient of the fragments
(about 50,000 L/mol*cm as compared to 500 L/mol*cm for DPMC) leads to a sizable absorp-
tion change at the respective wavelength of each benzhydryl fragment. The time dependence
of the transient absorption (see Fig. 2) is the experimental observable that has to be evaluated
and interpreted to recover the microscopic reaction dynamics. Through careful monitoring of
the beam sizes, sample concentration and pulse energies we obtain not only a picture of the

temporal behavior but even the quantitative yields [13].



Roughly 40 % of the excited DPMC dissociates homolytically. The transient signal rises
with the cross correlation (CC) of the pump and probe pulse (38 fs FWHM) and falls off with-
in the next tens of femtoseconds (see Fig. 2a). A comparison to the signal measured for pure
acetonitrile shows that part of this early signal is due to two-photon absorption in the solvent
that is proportional to the Gaussian shaped CC [16]. We correct the raw data (grey squares) by
the properly scaled solvent contribution to obtain the pure molecular signal (black circles;
compare SI). Even the pure molecular signal still contains a Gaussian shaped contribution
centered exactly at delay zero and with a width equal to the optically measured CC. We assign
this contribution to a coherent, nonresonant two-photon absorption. One of the pulses pre-
pares a polarization in the molecule and the other pulse adds a second interaction leading to a
higher electronic state. This interaction depletes the probe pulse as long as the pump-probe
delay is within the CC convoluted with the electronic dephasing time of DPMC of likely a

few tens of femtoseconds [17,18].

The remaining population part of the early molecular signal is proportional to the integral
of the pump-probe CC as population in the S; state is accumulated from the initial polariza-
tion and the subsequent electronic dephasing. The signal strength is due to the excited state
absorption (ESA) in the Franck-Condon (FC) region. Immediately after the pump pulse the
wavepacket accelerates away from the FC point and the signal changes weakly. At a delay
At =76 fs the signal increases significantly within the time resolution. Finally it increases fur-

ther with a quasi-exponential behavior and a time constant of 270 fs.

Only about 2 % of the excited DPMC dissociates heterolytically and leads to a weak but
well detectable transient absorption signal at 435 nm. The temporal behavior is analogous to
the radical signal with two exceptions: the delay is now 124 fs and the signal increases much
more at later times. The increase from 76 to 124 fs for the delay in signal increase is the deci-
sive difference between the homolytic and the heterolytic channel. Already the clearly non-
exponential signal increase in the first 150 fs and even more the different times for the two
distinct product channels deviate not only quantitatively but conceptually from the expecta-

tion of a rate model with two processes drawing from the same reservoir.

We used the described concepts of the signal evolution to model it quantitatively and to
fit values to the data (see SI). The resulting fit is shown in Fig. 2 as red line and fits extremely
well for both the radical and the cation. For demonstration of the various contributions we de-
pict the time dependent ESA as green lines and the actual radical or cation contribution as or-
ange and blue curve. For proper modeling the 20 ps electron transfer (ET) within the radical
pairs that depletes the radical population and increases the cation population is included [13].
The effective 300 fs increase of both signals has been previously shown to originate from both

planarization of the benzhydryls after the bond cleavage and from solvation [12].
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Fig. 3 Transient absorption (black circles) after UV excitation of FDPMC in methanol at
a) 327 nm (benzhydryl radical) and b) 427 nm (benzhydryl cation). The coherent
signal from the solvent is subtracted. The fit is shown in red, the excited state ab-
sorption (ESA) in green, the coherent signal from the molecule in purple. The

product absorption from the cation and radical are shown in blue and orange.

The ET in the radical pair is only possible if the cation is better stabilized than the radical.
We therefore performed preliminary experiments with the transient absorption setup [19] and
found that in methanol the ET does not contribute effectively to the cation generation. DPMC
itself is not stable in methanol, but properly substituted derivatives are [20]. We chose the
monofluoro-substituted benzhydryl chloride (FDPMC) for additional measurements in
methanol. The curves in Fig. 3 demonstrate that the general behavior is quite similar to
DPMC and that the strong slow increase due to ET is indeed absent in the cation signal.
FDPMC thus allows an even more unambiguous interpretation. As the same features are ob-
served in DPMC and FDPMC, we can readily conclude that the bond cleavage is neither al-
tered by the substitution nor the solvent. It is purely a property of the molecular core. Most
importantly, we find times of 81 and 126 fs for the two delays, within experimental precision
equal to the times found for DPMC.

From the experimental evidence the involvement of conical intersections (Coln) in the
bond cleavage dynamics can only be inferred indirectly due to the ultrafast reaction times. In
a first quantum chemical investigation of DPMC the importance of Colns for the cation chan-

nel was already demonstrated [11]. We now include more electronic states to differentiate be-



tween homolysis and heterolysis and to quantitatively interpret the experimental observations.
Calculations were performed on the CASSCEF level of theory for the ground and the first five
excited singlet states along the bond cleavage coordinate R, ;. They were followed by a
multi-reference second order perturbation treatment (MRPT2) [21] to obtain accurate excita-
tion energies (see SI). All other coordinates were relaxed at each position of R The poten-
tial energy curves are shown in Fig. 4. The optical excitation is allowed in both phenyl rings
and leads to the degenerate S| and S,' states with ™ character (black and blue lines). Close
to the FC-point both states are crossed by the repulsive S, and S,' states, whose electronic
structure corresponds to transitions from the Cl lone pair np, or np, to the n* system of the
phenyl ring (orange line representing both states). The leading configurations of the S; state

are of m* and no* character. Due to the o* contribution the S5 state is also repulsive.

7F
6
. 5
T 4
-
© 3
Q L
& 2
1
0
[ L
15 20 25 3.0 35 4.0
Re.ci (A)
Fig. 4 Potential energy curves along the ground state minimum energy path vs. C—CI-

distance Ry calculated on the CASSCF level of theory. Shown are the ground
state S, the excited states S; (blue turning orange), S;' (black), S, and S,' (orange
turning blue) and S5 (black).

To highlight the significance of the S, and S,' states they are represented in the diabatic
description, all others in the adiabatic description. Coupling among all states is needed to de-
scribe the dynamic situation properly. As a result two spatially separated Colns are found.
The first corresponds to bond cleavage into the radical pair and the second into the ion pair.
The existence of Colns does not yet warrant an effective and ultrafast process, but it provides

the possibility. Only dynamical calculations can clarify this question [3,22].

For the Coln leading to the radical pair we performed nonadiabatic on-the-fly molecular

dynamics [23,24]. The transition from the originally excited states S; and S;' to the repulsive

7



radical pair states is treated by surface hoping [25] where transitions are possible when two
states approach closely in energy and the nonadiabatic coupling becomes large. Of the 52 tra-
jectories roughly a quarter show bond cleavage subsequent to a nonadiabatic nn* — np,-n*
transition. This compares well to the 40 % found experimentally. The potential energies of the
electronic states for a typical trajectory are shown as Fig. S6 in the SI and as movie including
the atomistic motions. As the DPMC vibrates after the UV excitation, part of the available en-
ergy is transferred to kinetic energy of the atoms and the potential energy of the various states

changes.

In the trajectory the first Coln is reached after 45 fs (joining of blue and orange lines).
The energies stay closely matched up to about 100 fs when the nonadibatically populated state
acquires repulsive character and the curve crossing is finally accomplished. The molecular
system follows the orange curve that slopes downward and separates from the blue curve. The
evolving electronic character of the system correlates with the radical bond cleavage channel.
The time scale of the calculated cleavage is in the same range as the 76 fs found experimen-

tally.

In line with the small probability of 2 % for heterolysis already found experimentally, we
do not find evidence for ionic bond cleavage from our set of trajectories. We therefore per-
formed 2D quantum dynamical calculations with a reduced set of electronic states. The opti-
cal excitation was confined to one phenyl ring and the repulsive S,/S,' states leading to the
radicals were omitted to allow propagation of the wavepacket towards the second Coln. As in
the previous investigation [11], the two reactive coordinates R, and ¢ are used. Ry, is the
distance between the center of mass of the benzhydryl fragment and the CI atom. The polar
angle ¢ is defined relative to the center of mass of the whole molecule and describes the bend-

ing of the Cl atom towards one of the phenyl rings.

The wavepacket first moves to nominally smaller R, values due to the multidimensional
character of the full motion (see Fig. S7 in the SI). At about 110 fs the main part of the
wavepacket accelerates to larger values of R, and reaches a constant speed. The point of ac-
celeration corresponds to the passing of the second Coln. This Coln is responsible for the ion-
ic bond cleavage. Again, the experimental value of 124 fs is very close to the result of the 2D

wavepacket propagation.

The two dynamical calculations show that both channels given by the two Colns are in-
deed active on the ultrafast time scale. They lead to the two distinct products, the benzhydryl
radical and the benzhydryl cation. It is most likely from the potential topology that the radical

is produced at a slightly earlier time than the cation.

The following overall picture of the photoinitiated processes in DPMC evolves. The sys-

tem (wavepacket) accelerates from the FC-point upon optical excitation, but it stays in the

8



shallow minimum for some tens of femtoseconds. The atomic motion is not describable by a
single normal mode, but a truly multidimensional motion develops. At close to 100 fs the
weak potential barrier is crossed and now the homolytic bond cleavage happens. The experi-
ment suggests a time of 80 fs for the appearance of the radical pair in the electronic ground
state. The remaining part of the wavepacket in the excited state proceeds to the second Coln
and at 125 fs ion pairs are generated. This cooperative picture of highest temporal resolution
and sensitivity measurements, thorough analysis and high level quantum chemical and dy-
namical calculation clearly establishes that the ultrafast photochemistry with two product
channels is due to wavepacket motion through two distinct conical intersections. The relative
reaction yield depends on the detailed motion of the wavepacket and the position of the
Colns. A traditional rate model of two competing stochastic processes cannot explain the dy-
namics and branching ratio. For many other systems with two ultrafast appearing products, a
similar behavior can be expected and a deviation from the traditional rate models will be

needed for a correct description.
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The probe intensity fluctuations were measured with a fraction of the probe before trans-
mission through the sample. The change in transmission with and without pump, measured
with the photodiode after the sample, was then divided by the probe reference diode signal as
described in [2]. To minimize dispersion and coherent artifacts, the sample was a free flowing
jet with a thickness of about 50 um [3]. The increase of the molecular concentration due to
evaporation of the solvent was continuously monitored by an absorption spectrometer of our
own design that is incorporated into the jet's circuit. A computer controlled pump then refilled

the necessary pure solvent to keep the concentration constant.

The absolute zero-time delay, i.e. the timing when the temporal peaks of the Gaussian
shaped pump and probe pulses are incident in the sample at the same time, was determined as
follows. We generated an additional reference pump-probe branch by splitting a fraction of
the probe and the pump beam with a dielectrically coated fused silica UV beam splitter in
front of the sample. As the beams are focused before impinging on the beam splitter this gen-
erates an identical pump-probe overlapping region as for the transmitted beams. A compensa-
tion plate identical to the beam splitter, but without coating, compensates for the difference in

dispersion for the two branches.

reference
branch

ACN

molecule
branch

0 t

—_—mm ] —

t (fs) t (fs)

Fig. S2 Scheme for the determination of the absolute time-zero delay (t=0). The reference
branch (top) is overlaid for the pure solvent (left) and molecule (right) measure-
ment (lower right). This allows to compare the two measurements with absolute
timing precision of better than 4 fs. The time-zero for the molecule measurement
is then given by the peak of the pure solvent artifact which is shifted to the refer-

ence branch by a slight value of 6t.

In the reference pump-probe branch the cross-correlation between the pump and probe
pulse was measured via two-photon absorption in a 100 um thick BBO. The sample branch
and the reference branch measurements were recorded in parallel for all measurements. The
reference branch cross-correlation can then be used to link the time delay between multiple
measurements where only the sample in the jet is changed. The procedure to retrieve the abso-
lute-time zero delay is shown in Fig. S2. Prior to each measurement of the molecular solution
the pure solvent artifact was measured in the jet. To link the two successive measurements the
two reference arm cross-correlations are then temporally shifted by at most a few femtosec-
onds to achieve optimal overlap. The pure solvent artifact signal is then correctly overlaid
with the molecule measurement in time. This procedure allows us to determine the absolute
zero-time delay with a precision of better than 4 fs. It also allows us to determine the amount

and temporal profile of the solvent contribution for the molecule measurement.

2. Subtraction of the signal contribution due to the solvent

Part of the measured transient absorption signal after UV excitation of DPMC in acetoni-
trile or FDPMC in methanol is due to two-photon-absorption in the solvent [4]. Therefore the
signal of the neat solvent was always measured before a measurement of the solution. How-
ever, in order to subtract the signal of the solvent from the data it has to be scaled properly,
since the pump is depleted by the absorption from DPMC or FDPMC.

A transient two-photon absorption (TPA) signal in a pump-probe experiment arises when
one pump photon and one probe photon are absorbed to excite a high-lying state. Therefore,
for pump and probe pulses propagating along the z-axis with intensities I,y,,(z) and Iy5p(2)
in a sample of thickness d, the absorption of the probe pulse due to TPA can be expressed as:

d
ATpA = const. - Iprobe ...H?E% (z)dz, (S1)
0

This assumes that the attenuation of the probe by one or two photon absorption is small.

This is justified for our experimental conditions.

In neat solvent the one-photon absorption for the pump is very small and the intensity is
approximately constant. Then the signal amplitude is given by:

d
ATPA solvent = const. - Iprobe ._.H?::?o dz = const. - Iprobelpump,0 d (52)
0

For the solution containing the absorbing molecule (concentration ¢, molar absorption co-

efficient €), the pump intensity decays exponentially within the sample layer:
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Fig. S4 (a) Jablonski diagram showing the involved transitions and processes after UV ir-
radiation of DPMC in acetonitrile when the radical channel is probed. (b) Scheme
of the corresponding transient absorption signal for the same transitions and proc-
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The measured time-dependent transient absorption changes shown in Figure 2 and 3 in
the manuscript are fitted with a LabView routine which is slightly modified compared to the
one described in Ref. [6]. The fit function F(t) can account for signal contributions starting

with time zero as well as for contributions starting with a temporal delay At with respect to

time zero:
t
m?v = HWTJ:V ® “>oorwaﬁmﬁv+ @TV : ®A>~ - ﬂv AESA,0 + AESA €xp Ia
t—At
+ ®A t—At v : >?da:or5§m_ + >Em:8 I—exp| ———
Tplanar

(S5)
The kernel of the fit function consists of

e A function centered at t = 0 with amplitude A_pe.ent Which accounts for the coherent

signal contribution of the molecule.

e A constant and a fast decaying absorption which is multiplied by two step functions
O(t) and O(At- t). This reproduces the instantaneous ESA with a possible, small decay
due to the wavepacket motion and the sudden disappearance of the ESA at t = At when

the Colns are reached.

e A constant and a rising absorption which are multiplied by the step function O(t-At).
This accounts for the delayed dynamics of the photoproducts (i.e., benzhydryl radical
and cation). It reproduces the absorption of the unrelaxed photofragments after their

generation at t = At and the signal rise due to planarization and solvation.

e Further, delayed exponential dynamics can also be fitted (not shown in Eq. S5). It is
needed to account for the evolution of the signal on the tens to hundreds of picosecond
scale due to electron transfer and geminate recombination [7] and rotational relaxa-

tion.

The kernel is convoluted with the instrumental response function (IRF(t)) to account for
the finite temporal evolution of the experiment. The IRF(t) is a Gaussian function with the

temporal FWHM given by the width of the CC measured in pure solvent.

4. Calculation of the potential energy curves

To rationalize the bond-cleavage process investigated in the experiment, one dimensional
potential energy curves are calculated along the C-Cl distance of DPMC from the FC-region
to the dissociation limit. In the electronic ground state all remaining coordinates are relaxed
during the C-Cl elongation. Along these minimum energy path coordinates also the first five
excited singlet states were evaluated. The calculations were performed on the CASSCF
(14/12) level of theory with the 6-31G* split valence double zeta basis set, using the program
package Molpro [8]. The 12 molecular orbitals forming the complete active space are two
bonding and two anti-bonding w orbitals for each phenyl ring, the bonding and anti-bonding
C-Cl © orbital and the two lone pair n orbitals of the Cl-atom. Accurate excitation energies
(253 nm (calc.)/ 270 nm (exp.)) are obtained by a subsequent multi-reference second order
perturbation treatment (MRPT2) which takes into account the dynamic electron correlation
[9,10]. The active space is designed to follow the electronic structure changes in the ground
and the first five excited states of singlet symmetry along the bond-cleavage reaction coordi-

nate. The resulting potential energy curves are shown in Fig. 4.

The optical excitation corresponds to a n* excitation and populates the S; state. This ex-
citation is possible from both phenyl rings and leads to the two nearly degenerate singlet

states S and S;' in the FC-region. Both show a local minimum with a geometry very similar

8
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The actually populated state is marked by dots. Like in all trajectories, showing population
transfer or bond cleavage, the energy gap between S;/S, (bound nn* and repulsive nyn*) is
significantly reduced for the first time at t ~ 45 fs but no instantaneous cleavage is observed.
Population transfer between S; (blue turning orange) and S, (orange turning blue) occurs
thereafter. It takes up to 100 fs for the curve crossing to be accomplished and the purely re-
pulsive configuration to be reached. This leads to the radical formation, observable as degen-

eration of the Sy state (black) and the actual S, state (orange).

From the ONIOM-NA-O-MD simulations on DPMC we can conclude that the observed
retardation in the radical signal arises from the initial motion in the bound nn* potential. The

Coln with the repulsive nyn* state is reached subsequent to an initial motion on the time scale
of 80 to 100 fs.

10F Eiot 1

potential energy (eV)

ok i

0 50 100 150  t(fs) 200

Fig. S6 Exemplary trajectory for the bond cleavage process in DPMC. Shown are the
electronic energies of the ground state Sy (black), the excited state S; (blue turn-
ing orange), S, (orange turning blue) and S3 (gray-dashed). S5 corresponds to S,'
in the FC region, i.e. during the first 35 fs. After the conical intersection S/S, is

passed, the leading configuration of the S state is a n,c* configuration directly

p
correlated to the radical formation channel. S, and S5 (S,') change their character

to tt* and mo* configurations at the same time.

6. Wavepacket dynamics in a two-dimensional subspace

Two-dimensional quantum dynamical calculations were performed on a potential surface
spanned by two reactive coordinates, Ry and ¢. They elucidate the wavepacket dynamics af-

ter photoexcitation. Ry is the distance between the center of mass of the benzhydryl frag-
11

ment and the Cl atom. The polar angle ¢ is defined relative to the center of mass of the whole
molecule and describes the bending of the Cl atom towards one of the phenyl ring [19]. Due
to computational costs the complete active space of DPMC was reduced to one phenyl ring
and the C-Cl o bond system, thus focusing on the conical intersection (Coln) between S; and
S5 describing the mn*-co* electron/hole transfer and the heterolytic bond cleavage. The re-
pulsive S, and S, states leading to the radicals were omitted to allow efficient propagation of
the wavepacket towards the second Coln. For details of the calculation see Ref. [19]. Fig. S7
shows the time evolution of the wavepacket in the adiabatic S, state after excitation with an
ultrafast pulse. The 2D wavepacket is projected onto the bond cleavage coordinate R¢yy. The
time evolution is shown as false-color plot. For some time the wavepacket remains in the
small valley close to the FC point, before it reaches the Coln S5/S;. After a propagation time
of 110 fs the main part of the wavepacket has passed the intersection region and has left the
FC area towards the heterolytic bond cleavage channel which correlates to the ionic products.

A small portion of the wavepacket follows with a further time delay of about 100 fs.

Rcm (Angstrom)

0 50 100 150 200 250
time (fs)

Fig. S7 Time evolution of the wavepacket in the adiabatic S, state after excitation with an
ultrafast pulse. The time evolution of the wavepacket was followed on two dimen-
sional potential energy curves spanned by two reactive coordinates Rqyy and ¢;
for details see [19]. The two-dimensional wavepacket is projected onto the bond
cleavage coordinate Ry, and the time evolution is shown as false-color plot with

the wavepacket's amplitude encoded in the color code.

12
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