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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 CaF2 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 �OD = 10−4 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 µm windows and down to 120 µm 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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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

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. It is
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 µJ is used
to operate a two-stage noncollinearly phase-matched opti-
cal parametric amplifier (NOPA). The chirped visible output
pulses with energies of several µJ 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 µJ of the fundamental Ti:Sa beam into a CaF2

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:

�OD(λ,�t) = − log

(
I ∗(λ,�t)

I0(λ)

)
. (1)

Here, I ∗ and I0 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 �OD-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
�t = −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

�t(i) =
{

−1 + 2i
N

for i = 0 . . .N − 1,

10−1+i/N for i = N . . .M.
(2)
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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 �tmax by
M = N(1 + log�tmax). 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 �t = −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. KG1) 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 10−4

1Mention 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.

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 µJ 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 µJs 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 µJs 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 µm 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.

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 CaF2 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.

Fig. 3 (a) White light continua generated in CaF2 and in sapphire.
The fundamental was suppressed by the HR800 mirror (CaF2) 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 CaF2 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 CaF2 white light corresponds to an
energy window of over 20,000 cm−1, 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 CaF2 continuum an ideal probe.

The quality of the CaF2 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 CaF2 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 CaF2 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 CaF2 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 CaF2 continuum with its near Gaussian pro-
file (see Sect. 2.4).

As even CaF2 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 CaF2 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.

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 CaF2 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 Pexc is
the product of the photon density nph in the focus and the
absorption cross section σ of the sample molecules:

Pexc = nph · σ = Epump

(hc/λ) · π(D/2)2
· ε ln 10

NA
. (3)

For a given sample with an extinction coefficient ε at the
excitation wavelength λ, 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 µm 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 µm 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-

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.

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 µm. 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 µm 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 µm thickness which has
a channel of ∼2 × 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 µm 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 CaF2 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

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 CaF2 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,
λBlaze = 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 CaF2 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 �λ. The consequence, how-
ever, is an energy or wavenumber resolution �ν̃ that de-
creases quadratically towards the UV. A typical value of
�λ = 4 nm for a grating spectrometer corresponds to a res-
olution of �ν̃ = 80 cm−1 at 700 nm sufficient for solu-
tion phase spectroscopy but to a rather modest resolution of
440 cm−1 at 300 nm. In contrast, the dispersion of a prism is
a complex function of the wavelength dependent refractive
index n(λ) of the prism material (see Sect. 3.1). The steeper
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slope of n(λ) 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 CaF2 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
(α = 68.7◦, side length 1′′) and a CCD camera with a sensor
area of ∼12.5 × 1.5 mm and a pixel size of 24 × 24 µm.
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; Ingineurbüro Stresing) which is triggered syn-
chronously to the laser.

The PDA sensor (NMOS; S3902-512Q; Hamamatsu)
consists of 512 pixels, 50 × 500 µm each. Due to the large
pixel size, the saturation output charge is ∼6×107 electrons.
With a quantum efficiency of 50% at 600 nm, this corre-
sponds to the absorption of 12 × 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 524×58 pixels, 24×24 µm 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 × 105 electrons. With a quantum effi-
ciency of 85% at 600 nm, this corresponds to the absorption
of 7×105 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 × 10−3. 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 × 10−4 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 CaF2 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

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 λi .

The horizontal deflection of a wavelength λi with respect
to a reference wavelength λ0 corresponds to the pixel num-
ber N(λi) according to the exit angle θout(λ) from the prism:

N(λi) = M − f · sin
(
θout(λi) − θout(λ0)

) + const. (4)

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(λ) of the prism
material which can be calculated from the Sellmeier equa-
tion:

θout(λ) = arcsin

(
n(λ) · sin

(
α − arcsin

sin θin

n(λ)

))
. (5)

Here, θin is the angle of incidence of the white light into the
prism and α 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 λ(Ni ) is obtained by
numerically inverting the monotonic function N(λi).

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−1 window,
which translates to a precision of ±0.5 nm at 300 nm and
±2.5 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 0 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

Fig. 8 (a) Absorption changes of the white light continuum in pure
chloroform (λexc = 600 nm, τexc = 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−1 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 δt 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 µm 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

Fig. 9 Time resolution as a function of wavelength: (a) coherent ar-
tifact obtained from a flow cell filled with ethanol (λexc = 510 nm,
τexc = 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 µm BBO crystal (filled circles)

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 µm 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−1 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 × 106 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 ∼104 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 × 10−4 OD over the whole spectral range. With
10 scans and 2000 averages for each we can even reach an
average sensitivity of 4.6 × 10−5 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 10−6 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 µOD 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.

Fig. 10 Typical detection sensitivities determined from the baseline
of 10 accumulated scans with 2 × 103 averages per point each. Filled
circles: PDA based camera; open circles: CCD camera. The average
sensitivities are 4.6 × 10−5 for the PDA and 7.6 × 10−5 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 µm 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−1 in the UV and 100 cm−1 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

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−1.

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 µm. 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

Fig. 12 (a) Steady state absorption (black) and emission (red) of a
core-substituted NBI dissolved in chloroform: R1=C8H17, R2=C4H9.
(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)

diameter of 150 µm. 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 +3 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 CaF2 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 S1 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 l mol−1 cm−1—the pump
photon density has to be increased. We therefore focused
140 nJ of the UV light down to a beam diameter of 80 µm
in the sample leading to an excitation probability of roughly
0.5%. The concentration cDPMC = 40 mmol/l also had to be
chosen much higher to reach an optical density of 0.2 in the
120 µm 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(t) 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 ⊗
{
θ(t) ·

[∑
i

Ai exp

(−t

τi

)
+ const

]}

+ artifact. (6)

It consists of the instrumental response function IRF con-
voluted with the product of the step function θ 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

∫
dλ OD

λ
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

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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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-
ll rights reserved.

n.de (I. Pugliesi).
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 a diphenylmethyl 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 4,40-dimethylbenzhydryl triphenylphosphonium tetra-
fluoroborate (BMe2PPhþ3 BF�4 ) dissolved in bulk acetonitrile (ACN)
and in ACN/AOT/cyclopentane reverse micelles (RM). Due to its
intrinsic positive charge, BMe2PPhþ3 undergoes heterolysis upon
UV excitation to generate benzhydryl cations BMeþ2 very efficiently
[24]. The structure of the molecule is shown in Figure 1.
2. Experimental

We encapsulate BMe2PPhþ3 BF�4 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 BMe2PPhþ3 BF�4 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 BMe2PPhþ3 . The counterion BF�4 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 BMeþ2 and the PPh3 as the leaving group.

Figure 2. Steady state absorption spectra of BMe2PPhþ3 BF�4 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.)
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the diameters of the ACN/AOT/cyclopentane RMs loaded with
BMe2PPhþ3 BF�4 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 Å (see Supple-
mentary Figure S1). The obtained values are very similar to those
reported in Refs. [5,25]. Assuming a length of 8 Å for an AOT mol-
ecule [26] leads to an internal RM radius of �8.8 Å. This is only
slightly larger than the Onsager radius of 6.1 Å [27] for BMe2PPhþ3 .
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 BMe2PPhþ3 BF�4
encapsulated leading to a turbid suspension. The experimental
observations and the size estimations conclusively show that the
possibility of more than one BMe2PPhþ3 BF�4 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 BMe2PPhþ3 BF�4 . 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
BMe2PPhþ3 BF�4 in the ACN nanopools was verified by steady state
absorption. We measured spectra of BMe2PPhþ3 BF�4 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 BMe2PPhþ3 BF�4 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
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 BMe2PPhþ3 BF�4 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 lm at the sample position,
molar extinction coefficient of precursor 5250 L mol�1cm�1,
OD = 0.13 at 270 nm), only �4% of the molecules were excited. A
CaF2 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 lm 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 BMe2PPhþ3 BF�4 in ACN/AOT/cyclopentane reverse micelles.



Figure 3. Transient absorption spectra of BMe2PPhþ3 BF�4 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.

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.)
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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 PPh3 (see
Supplementary Figure S3) suggests that this feature arises from
the optically excited PPh3 moiety in BMe2PPhþ3 BF�4 . 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
BMe2PPhþ3 BF�4 in bulk ACN have also been recorded and are shown
in Supplementary Figure S6. BMe2PPhþ3 BF�4 in bulk ACN shows the
same spectral signatures as BMe2PPhþ3 BF�4 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 BMe2PPhþ3 BF�4 in ACN/AOT/cyclopentane reverse mi-
celles and Supplementary Figure S6 for BMe2PPhþ3 BF�4 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/PPh3 radical cation con-
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 PPh3 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 PPh3 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-



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 PPh3 with respect to the
benzhydryl cation are hindered and therefore the geminate recombination yield is
enhanced compared to the bulk.
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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�3 headgroups of
the AOT molecules. The much longer lasting geminate recombina-
tion of the cations with the PPh3 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 ktot of (88 ps)�1 in bulk and (700 ps)�1 in RMs
is the sum of two rates: the rate for geminate recombination kGR

and the rate for the transition into a non-reactive conformation
(e.g. via diffusion or rotation) kD/R. The intrinsic rate kD/R turns
out to be (110 ps)�1 in bulk and (1460 ps)�1 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)�1 in
bulk to (1350 ps)�1 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 (BMe2PPhþ3 ), as they are both charged.
While in the product BMe2PPhþ3 , the charge is localized on the
phosphorus atom, in the cation the positive charge is delocalized
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 BPPhþ3 BF�4 in different sol-
vents. We observe that the intrinsic geminate recombination rate
slows down from (370 ps)�1 to (890 ps)�1 when going from aceto-
nitrile (e = 35.9) to dichloromethane (e = 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] (52 500 L mol�1 cm�1 for the radical
and 74 100 L mol�1 cm�1 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�3 head groups of the surfactant molecules at the
micellar interface. Other electron sources can be ruled out, since
the counterion BF�4 is known to be hardly oxidizable [33] and elec-
tron transfer from PPh3 to the benzhydryl cation is highly endo-
thermic (DGET = 92 kJ/mol) [34]. To test if the sulfonate groups at
the micellar interface can act as electron donors, we performed
transient experiments of BMe2PPhþ3 BF�4 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�3 head groups
of the AOT molecules which play a role as electron donors in the
formation of benzhydryl radicals in the RMs.



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 BMe2PPhþ3 BF�4 in bulk ACN with excess tetraethylammonium
methanesulfonate after a delay of 1500 ps.

Figure 7. Reaction scheme of BMe2PPhþ3 BF�4 in ACN/AOT/cyclopentane reverse
micelles. The red dots represent the position of the benzhydryl C and PPh3 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�3 head groups of the AOT molecules to the benzhydryl cation BMeþ2 and
(4) formation of long lived fragments.
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4. Conclusion

In summary, we have successfully performed femtosecond
pump–probe spectroscopy on the photodynamics after bond cleav-
age of the triphenyl phosphonium salt BMe2PPhþ3 BF�4 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 PPh3 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.
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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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 (CH3OH) 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)2CH−P(CH3)3

+·8CH3OH and
(dfp)2CH−P(CH3)3

+·9CH3OH 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 MSstart = {MSi(0)} of i = 1, 2, ...,
45 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 (Δt = 1 fs) but avoids the construction of global
potential energy surfaces. The energies and gradients are
calculated on the RI-BLYP-D level of theory,25−31 using a split
valence double-ζ 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.13 This yields the temporal development of
both the intermolecular and intramolecular nuclear positions
and velocities.

To initiate the dynamics of MSstart, the leaving group
P(CH3)3 is placed at a distance of 5.0 Å 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.11,17,32 The initial velocities are generated by
depositing the excitation energy Ehν = 4.8 eV (λ = 258 nm)
as kinetic energy equally in all degrees of freedom33 (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.17 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 CH3OH

or P(CH3)3 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)2CH+. 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 π−π* states of the microsolvated
(dfp)2CH+ cation are needed along the on-the-fly MD
trajectories to evaluate the time-resolved UV−vis spectra
SUV−vis(t;λ). The excitation energies and transition moments
are determined by TD-DFT calculations34−36 at the evolving
geometry, the used B-LYP functional has been shown
previously to yield reasonable results for excitation energies37

owing to fortuitous cancellation of errors38 (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 CISR(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 CE/SB(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 CISR
ijk (t). The

nonequilibrium geometry of MSstart 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)

=
⃗ · ⃗
⃗ · ⃗

≠ ≠C t
r t r t

r r
i j k( )

( ) ( )

(0) (0)
forijk ij ik

ij ik
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where ri⃗j(t) and ri⃗k(t) are the distances between the solvent
molecule i and solvent molecules j and k measured at the
oxygen atoms at time t. ri⃗j(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 CISR

ijk (t) reflects the reorganization within the
hydrogen-bond network.

Solvation Correlation Function CSolv(t). From the MD
simulations, the system-bath correlation function CE/SB(t) can
be calculated according to

= ⟨ − ∞ ⟩
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E t E
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where E(t) is the potential energy at a given time t, E(∞) is the
potential energy at the end of the simulation (t = 4 ps), and
⟨ΔE⟩ means averaging over the set of trajectories. The Fourier
transform of CE/SB(t) gives the total spectral density CE/SB(ω).
To extract the experimentally accessible solvation correlation
function CSolv(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 CE/SB(ω) (i.e., a
Heaviside step function with a cutoff frequency of 500 cm−1)
and obtain the solvation spectral density CSolv(ω). Inverse
Fourier transformation of CSolv(ω) yields the solvation
correlation function CSolv(t) describing the macroscopic solute
solvent reorganization.

CSolv(t) can be monitored in the spectral response function of
experiments like the time-resolved Stokes shift demonstrated
for complex systems39,40 and biomolecules.41 Electronic photon
echo experiments42,43 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 experiments44 even allow us to
extract the system-bath correlation function CE/SB(t) with the
help of analytical models.45 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 CSolv(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.23,42 We focus on the ultrafast component, which is
mediated by the first solvation shell.23,46 The following function
Cfit(t) is fitted to CSolv(t):

σ π σ
= · −
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characterizing the ultrafast component of the solvation process
by the time tfast = σ (2 ln 2)1/2. The parameter tfast 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 CSolv(t) due to the examined chemical reaction, t0
accounts for a temporal shift modeling the initial intramolecular
processes preceding the solvation.

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)2CH−P(CH3)3

+. 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)2CH+. The
main relaxation coordinates are the sp2-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 sp2-hybridization is reached after 200 fs,
strong oscillations in the rehybridization mode are preserved

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 CISR

ijk (t) (see eq 1) depicted in Figure 5, which

describes the spatial motion of the solvent molecules relative to
each other; the indices i,j,k refer to different CH3OH 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 CISR

ijk (t) until t = 550 fs in
Figure 5). 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 CISR

ijk (t) of the
respective solvent molecule (see CISR

123(t) at t = 1082 fs, red line).
Here the increased interaction between the attacking solvent

Figure 4. Snapshots at characteristic times of a selected trajectory MSi.
The P(CH3)3 leaving group can be identified by the yellow color of
the phosphorus atom. The fluorine atoms at the benzhydryl cation
(dfp)2CH+ are labeled in green. The entire trajectory is available as a
movie in the Supporting Information. Every frame corresponds to a
time-step Δt = 1 fs, the bond formation is clearly seen at t = 1082 fs
(see lower left corner).

Figure 5. Intersolvent radial correlation function CISR
ijk (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.
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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 CISR

ijk (t)
of the two participating solvent molecules (here CISR

125(t) and
CISR

126(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 MSstart.
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(CH3)3 (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)2CH+ 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 CH3OH takes place.
Even the ultrafast reaction considered here, which proceeds far
below the diffusion limit, can therefore still be described as SN1
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 CE/SB(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 CSolv(t)
(Figure 6, red line) is obtained by applying a low pass filter
to CE/SB(t).

As reported for polar solvents,7,42−44,46 we find that the
shape of CSolv(t) resembles a Gaussian decay. Superimposed are
low frequency oscillations on the order of 30 cm−1 from the
torsions of the phenyl rings in the benzhydryl cation. Similar
values for the torsional motion of phenyl rings have been
reported.47 The ultrafast initial rise (up to t = 100 fs) is an
intramolecular artifact still contained in CSolv(t) and reflects the
relaxation of the MSstart geometry. Part of the kinetic energy
deposited in the vibrational modes is converted to potential

energy. In this sense the on-the-fly MD simulations mirror a
situation opposite to time-gated stimulated photon echo
experiments,45 which are capable of monitoring the initial
components of CSolv(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 Cfit(t) (eq 3) models the initial librational
solvent response (Figure 6, green line) and provides the
characteristic librational solvation time tfast. The obtained value
tfast = 296 ± 5 fs compares well with the reported experimental
data tfast,Exp = 330 and 271 fs for two different dye-molecules in
CH3OH.7,45

The solvation dynamics Csolv(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)2CH+ 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)CHCl
was dissolved in methanol and excited to the first π−π* state
(λmax = 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 λcation 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 tfast = 507 fs (σ = 430
fs). The origin shift t0 of the Gaussian function Cfit(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 tfast derived from
the experimental Cfit(t) and the one from the Gaussian type
decay of CSolv(t) in the theory quantitatively corroborates the
proper modeling of the first solvation shell23 with eight and
nine CH3OH in our model system.

At t ≈ 1100 fs a significant step in CE/SB(t) and CSolv(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 5. After t = 1100 fs the modulations in CSolv(t)

Figure 6. Initial solvent response showing the system-bath correlation
CE/SB(t) (gray line), the solvation correlation CSolv(t) (red line), and a
Gaussian fit Cfit(t) of CSolv(t) according to eq 3 (green line). Cfit(t)
models the librational solvation process exclusively. The stepwise
decay in CSolv(t) and CE/SB(t) is caused by the chemical reaction with
the solvent molecules.
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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 CSolv(t) discussed
so far reflects the librational solvation time tfast 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 SN type reactions. The
prominent observable of the electrophile−nucleophile bond
formation reaction is the decrease of absorption of the
intermediate benzhydryl cation.5,11,48,49 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 SN1 and SN2 type mechanismsa subject of ongoing
discussion.50 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 SUV−VIS(t,λ) can be
readily derived from the on-the-fly MD results and allows a
direct comparison to the experiment. Every individual trajectory
MSi out of the total ensemble is sampled at time-steps Δtsample
to extract the actual geometry at time t (a sampling interval of
Δtsample = 100 fs is applied in the present situation). These
geometries are used to calculate the excitation energy λ0(i,t)
and the corresponding transition moment I(λ0,i,t) to the
excited singlet states in a TD-DFT34−36 calculation. Every
electronic transition is subsequently modeled with a Gaussian
line width Δν̃ = 800 cm−1 (corresponding to Δλ ≈ 15 nm) to
account for inhomogeneous broadening due to intermolecular
collisions. We want to emphasize that the line width Δν̃ 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 SUV−VIS(t,λ) is
expressed by
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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)2CH+ is presented in Figure 7a and
selected time slices of the signal in Figure 7b. At early times a

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 Ph2CH−Cl.17 Additionally, a blue shift of
20 nm of the absorption band from λedge = 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 calculations51,52

on the isolated (dfp)2CH+ 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 relaxation7 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)2CH+ cation are compared.
Already the gas phase calculations for (dfp)2CH+ are in good
agreement with the experimental excitation energy. The

Figure 7. Calculated transient absorption signal (oscillator strength) of
the microsolvated (dfp)2CH+ cation. (a) Calculated time-resolved
UV−vis spectrum SUV−VIS(t,λ). (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 ×10−1.

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

λmax (nm) osc strength (au)

(dfp)2CH+ (gas phase) 433.3 0.53
(dfp)2CH+ + P(CH3)3 + 8CH3OH 426 0.19
(dfp)2CH+ + P(CH3)3 + 9CH3OH 424 0.23
experiment 433
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excitations are characterized as a π− π* 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 (λmax,exp = 433
nm vs λmax,theo = 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 λ ≈ 270 nm is attributed
to the formation of the methyl ether. The mean calculated
lifetime of the (dfp)2CH+ 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.11,14,17,32

They undergo an electrophile−nucleophile bond formation
reaction with nucleophilic solvents like CH3OH that can be
much faster than typical diffusion-limited reactions.48 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-SN1 or photo-SN2 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 SUV−VIS(t,λ) 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 CSolv(t) being in good
agreement with initial libration solvation processes reported in
literature.7,45 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 CSolv(t) and the time-resolved
UV−vis signal SUV−VIS(t,λ). Both of them reveal a two step
reaction mechanism.

In the first hundreds of femtoseconds the highly reactive
(dfp)2CH+ 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

the methyl ether after subsequent deprotonation restricts the
cation lifetime to about 1 ps. The derived macroscopic
observable SUV−VIS(t,λ) 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.

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-

Figure 8. (a) Calculated decrease of the (dfp)2CH+ cation population
(black line) and evolution of the transient absorption signal SUV−VIS(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.
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uration, i.e., 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.53

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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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, I. Pugliesi, E. Riedle 
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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 
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