From Supramolecular Self-Assembly
to Two-Dimensional

Covalent Organic Frameworks

Dissertation
der Fakultat fur Geowissenschaften
der Ludwig-Maximilians-Universitat
Minchen

Jurgen Dienstmaier

Minchen, den 19. September 2012



Erstgutachter: PD Dr. Markus Lackinger
Zweitgutachter: Prof. Dr. Wolfgang M. Heckl
Disputation: 25. April 2013



Abstract

The two main subjects of this thesis are the realization of supramolecular self-assembled
monolayers at surfaces and the formation of surface-supported two-dimensional covalent organic
frameworks. Both topics, albeit different, yield long-range ordered open-pore networks with quite
different stabilities, depending on the strength and type of bonds holding them together. The surface of
choice is mainly graphite, which is considered an inert substrate. Graphite yields pristine clean, very
large and flat surfaces when cleaved, facilitating the observation in real space of the molecular
networks adsorbed on these surfaces by means of the Scanning Tunneling Microscope (STM). STM is
the main experimental technique used here. It was used to image mostly at the liquid-solid interface
under ambient conditions.

Using a large tricarboxylic acid adsorbate, long-range order supramolecular self-assembled
monolayers were obtained. These monolayers are formed via a delicate interaction balance between
adsorbates, substrate, and solvent molecules. Weak van der Waal forces mediate the adsorbate-
substrate interaction; hydrogen bonds, the adsorbate-adsorbate interaction. Also, depending on the
solvent used and the concentration of adsorbates dissolved in it, different polymorphs are found on the
substrate. To understand the nucleation and growth mechanism that give rise to the different self-
assembled monolayers, thermodynamical considerations are used. Enthalpic and entropic
contributions are evaluated for several of the polymorphs found, explaining their occurance on the
basis of the Gibbs free energy per unit area. However, even if this work sheds some light on
supramolecular self-assembly, adding also that much research has been done in this field, it is still
very difficult to know a priori how adsorbates will behave on a substrate. Thus predictions of which
patterns will ultimately arise are hampered.

To realize structures that are more stable than those formed via supramolecular self-assembly,
several strategies have been proposed. Covalent bond formation is one of them, yielding strong and
lightweight structures by using organic molecules composed primarily of light elements. The strength
of covalent bonds ranges from strong to very strong, when compared to van der Waals and hydrogen
bonds. This characteristic makes correction of possible structural errors difficult to almost impossible.
However, when molecules with suitable functional groups are allowed to react under reversible
conditions, error correction of covalent bonds becomes feasible, yielding regular structures with the
energetically most favorable configurations. In this thesis, this is exemplified with the small 1,4-
benzenediboronic acid molecules, yielding monolayers composed of very regular, long-range ordered
covalent organic frameworks on graphite. Thermal stability is probed by exposing the structures to
relatively high temperatures for prolonged times under atmospheric conditions. Further experiments
with larger para-diboronic acids, under similar reversible conditions, yield the expected isotopological
regular frameworks with larger unit cell parameters. This demonstrates the proof of principle for the

formation of two-dimensional covalent organic frameworks.



Abstract

These two main topics, supramolecular self-assembly and covalent bond formation on
surfaces, constitute the basis of this thesis. It is organized as follows: A first part deals with the
theoretical background of the main analytical instruments used in this work. Then, the
thermodynamics of supramolecular self-assembly is presented, along with the studies of the different
polymorphs found using a large tricarboxylic acid as building block. The final part deals with the
formation of two-dimensional, long-range ordered covalent organic frameworks, made from organic
molecules composed only of light elements. This work show that these last mentioned networks
exhibit higher thermal stabilities when compared to self-assembled monolayers held together mainly
by strong hydrogen bonds. The viability of larger heteromeric isotopological networks is also
explored.
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Introduction

The advent of the Scanning Tunneling Microscope (STM)! in 1982 gave scientists the
opportunity to observe and manipulate matter at the atomic scale. Before the invention of the STM,
matter could only be indirectly studied by means of other physical and chemical methods. In fact,
there was no lack of these methods, for instance, spectroscopy, nuclear magnetic resonance, electron
microscopy, X-ray diffraction, chromatography, electrophoresis, and mass spectrometry, to name a
few. None of them permit the observation in real space of any molecule, not even to speak of single
atoms. So it is understandable that in the very beginning of the STM, many scientists were skeptical
about the possibilities STM opened, because it was not expected that atomic resolution could be
achievable.? In fact, the STM was the first of several instruments with resolution ranging from 100 pm
down to 10 pm, nowadays cooperatively known as Scanning Probe Microscopy (SPM).? This family
of instruments now permits the customary and precise observation of atoms and molecules in different
environments.

Who could have predicted a scenario, where observing molecules down to almost atomic
resolution was easily feasible almost at will? Futurologists of the 1960s and 70s were mostly only
occupied predicting the big things to come in the XXI century; for instance, living on the moon or
speaking through videophones;* predictions that too many times failed to materialize. However,
Richard Feynman, already in 1959, raised some issues about how it should be possible to manipulate
and produce things that were many, many times smaller than the smallest miniaturization achievable at
those days.” Although certainly unbeknownst to him, he allegedly gave a date where it would become
already possible to control matter at the atomic scale: the year 2000. He was right, beating out at least
once those “think big” futurologists. There is no way he could have predicted the invention of the
STM, and with it the emergence of a new field in material science: nanotechnology.

This very word, “nanotechnology”, was coined for exactly this very fine and precise
manipulation of materials. Interestingly, nanotechnological implications have nowadays been felt even
for non-scientists: starting with product branding, the “iPod Nano” music player by Apple and the
“Nano” car by Tata derive their name from this nowadays ever-present word in common life.?
Although these two products not necessarily possess nanotechnology-derived parts, there are plenty of
products in the market that do. These range from TiO, nanoparticles in sunscreen, silver nanoparticles
in washing machines to particles of trace metals in food supplements.’

Nanotechnology is not free of risks. However so far, very few of them have been identified.”®

Animal research suggests that nanoparticles may have the capability to evade the body’s natural
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defense system and be able to move across cell membranes, reaching the brain and lungs, where they
can accumulate.” However, identifying this last mentioned facts does not necessarily mean per se that
nanotechnology involves risks. Most probably, nanotechnology will improve our daily life instead of
threatening it.

Since the STM was invented, the manipulation of molecules on surfaces has gone great
lengths. It is nowadays possible to move single-molecule “cars” on a surface by means of propelling
them with the STM tip, readily rolling it to its next position.®*® Although these feats may call the
attention even of non-scientist due to its large press coverage, nanotechnology never stops to be
fascinating for scientists involved in the field of material science. For example, in the present work,
the supramolecular self-assembly of molecules was studied, and the different geometrical structures
found were explained by thermodynamic principles.

Supramolecular self-assembly shows promising applications in the manufacturing of
electronic devices,™ but these molecular aggregates lack the required stability for some applications
that could be obtained with covalent bonds. Hence, this was the next step in the course of this work,
the realization of regular molecular networks held together by relatively strong covalent bonds.
Eventually, the formation of extended, two-dimensional (2D), surface-supported, covalent organic
frameworks (COFs) has been realized here. In the future, maybe the production of 2D free-standing
COFs, much resembling graphene, may also become feasible.

In the present work, the subjects covered are mainly supramolecular self-assembly of
hydrogen-bonded monolayers on surfaces, and the formation of surface-supported 2D COFs. Both of
these subjects were performed basically on a graphite substrate. Graphite was chosen because it is a
chemically inert substrate that can be easily prepared at every new experimental run. A simple cleave
with adhesive tape yields pristine clean surfaces every time, ready to use without any further treatment
other than depositing the molecules of interest. The main analytical tool used was the ambient STM;
however, other analytical methods were also used to confirm and explain the results found with the
STM.

One of the motivations of this work was to study possible formation of ever larger regular
supramolecular monolayers composed of tricarboxylic acids held together by strong hydrogen bonds.
Previous studies showed that small** to medium-sized"*'* tricarboxylic acids, possessing one or
several phenyl groups in its backbone, yielded porous and planar networks on a graphite substrate. The
final topology of these networks could be influenced by many factors, like choice of solvent and
concentration. Hence, a large tricarboxylic acid was chosen for experiments, and its several
polymorphs were studied and explained using thermodynamical considerations.

Another important motivation was the formation of single-layer, extended and regular 2-
dimensional covalent organic frameworks (2D COFs). The synthetic route for realizing these
frameworks is already known for bulk crystals™ or even substrate-supported thin films,'® but the

formation of a single, regular, defect-free layer had been elusive. Since these frameworks are held
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together exclusively by relative strong covalent bonds, its physical properties are expected to be
superior than those of hydrogen bonded self-assembled networks. These properties were confirmed
during the course of this work. After finding a reproducible method that yielded every time 2D COFs
with the small 1,4-benzenediboronic acid precursor on a graphite substrate, larger, isoreticular
networks were realized using larger para-diboronic acids. By selecting the length of the molecular
precursor, the size of the 2D COF cavity could be tuned. In this way, a series of several regular 2D
COFs was realized.

To deal with the topics mentioned above, this work is outlined as follows: In chapter 2, a
theoretical background explaining the working principles of the STM is presented. The theory behind
other important analytical methods used during this work is also briefly explained. Chapter 3 deals
with the supramolecular self-assembly. Using mainly a large tricarboxylic acid, different assemblies
were encountered, depending on the solvent used and its concentration. Here, the thermodynamic
principles governing the self-assembly of molecules on surfaces is presented and used to explain the
stability of the different polymorphs encountered. Chapter 4 deals with the formation of regular and
extended 2D COFs. After finding the conditions under which the molecular precursors yield the best
results, isoreticular COFs with pore sizes up to 3.2 nm wide were prepared and studied. A conclusion

is given in chapter 5, followed by the papers published during the course of this dissertation.
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2

Experimental Methods and Materials

In this work, the most important analytical tool for examining samples was the Scanning
Tunneling Microscope (STM). To independently confirm results obtained with the STM,
complementary analytical methods were used. These results were also theoretically supported by
models of molecular structures simulated with molecular mechanics. The molecular building blocks
used were all organic molecules with certain defined structures. Depending on the function they were
required to perform, they were specifically functionalized with chemical groups. The most common
substrate used was graphite, which is widely available and easy to cleave. It can produce a clean
surface every time with almost no effort. Graphite is also inert, thus not requiring extremely clean

environments to work with. In practice, this translates as permitting work under ambient conditions.

2.1 Experimental Methods

For this work, supramolecular self-assembly and synthesis of covalent organic frameworks
were carried out on planar surfaces. To probe the resulting assemblies or structures formed on these
surfaces, the Scanning Tunneling Microscope (STM) was used as the main analytical instrument. The
STM proved to be an invaluable tool for imaging these structures down to the molecular level, readily
assessing the different molecular configurations and even offering a possibility to differentiate
between self-assembly and covalent bond formation. Another analytical method of surface science
employed here is X-ray Photoelectrons Spectroscopy (XPS). These two surface analysis tools were

further aided by bulk analytical methods. The most relevant of them are discussed in the following.

2.1.1 Scanning Tunneling Microscope (STM)

In the year 1982, G. Binnig and H. Rohrer' demonstrated for the first time that an analytical
instrument based on the quantum mechanical tunnel effect was feasible. This was the birth of the
STM, an instrument nowadays used extensively to probe surfaces. Before the STM came into being, I.
Giaever'’ already proposed the possibility of gathering information about the electronic structure of
surfaces by means of the quantum tunnel effect. The STM was preceded by the “topografiner”, an
instrument developed in the year 1972 by R. Young.'® However, this last instrument never achieved
the very high vertical and lateral resolution of the STM due to the very noisy nature of the field

18,19

emission current'®!® and the lack of reliable feedback circuitry at those days.?® Consequently, it was
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never commercially produced. Unlike the topografiner, STMs do not need special electron sources;
instead they rely on the bound electrons sample and tip as the only source of radiation.”

STM was not the first device to rely on the tunnel effect. There were already other practical
uses of electron tunneling, such as the metal-insulator-metal (M-1-M) tunnel diode.”

To operate an STM, a very sharp tip (ideally, atomically sharp) is brought very close to an
electrically conducting substrate, until no more than a few atomic diameters separate both. The tip is
the most critical part of the STM because it ultimately determines the image quality and resolution.”
A small bias voltage of less than 1 V is applied between tip and surface, generating a tunneling current
of electrons flowing from the tip to the substrate, or vice versa, depending on bias polarity. An
electrically controlled piezoelectric crystal performs the lateral and vertical scanning movement of the
tip. This movement creates spatial variations of the tunneling current that are used to produce contour
maps or false-color images. Under normal working conditions, STMs achieve resolutions of less than
1 nm laterally and 0.1 nm vertically,** allowing the exact positioning of single atoms. Hence, imaging
of organic molecules —composed of several atoms— adsorbed on conducting substrates becomes a
relatively simple task. The vertical resolution is explained by the exponential variation of the tunneling
current with the distance between tip and sample; the lateral resolution depends upon tip sharpness.
Although good resolution sometimes may be obtained using a mechanically cut metallic wire made of
Pt/Ir (90%/10%) alloy, more reproducible results are obtained with tips made by electrochemically
etching tungsten (W) to a fine point. Tips made from Pt/Ir alloy have a very good resistance to
atmospheric oxidation and therefore are preferred for ambient STM, whereas W tips are favored for
STM uses under Ultra High Vacuum (UHV).” Mechanically cut tips achieve atomic resolution due to
the many asperities on the surface of the tip structure. Then, if one atom of these asperities is just some
atomic radii closer to the sample than any other one, atomic resolution is realized by the nature of the

tunneling signal.**

On the other hand, an advantage of electrochemically etching the tips is that this
sharpening method can provide more reproducible tips. These tips normally lack the asperities of
mechanically cut tips and therefore are better adapted for surfaces with a relative large degree of
roughness.?

The basic operation principles of the STM are shown in figure 2.1. The STM can be operated
in two different modes, namely constant current or constant height. In the first mode, the tip scans a
surface at constant tunneling current. This current is kept close to a preset value by continuously
adjusting the tip height relative to the surface via a feedback loop. However, a low cut-off frequency
of the feedback still allows spatial modulation of the tunneling current.”® In the second mode, the tip
scans the surface at nearly constant height and constant voltage. Here, the tunneling current is
monitored, and its variations are plotted forming an image. For this second scanning mode, the
feedback network responds rapidly enough to keep the average current constant.* Each scanning
mode has its own advantages: Constant current mode can track surfaces that are not necessarily

atomically flat. This mode yields more reliable information about topography height, derived from the
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feedback signal. Here, the quality of the information acquired can be influenced by the sensivity of the
piezoelectric crystal driving the tip. Constant height mode allows much faster scanning of atomically
flat surfaces, because the feedback and the piezoelectric crystal do not need to respond to the features

being scanned by the tip.
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Figure 2.1: Operation principle of a STM. Schematic vibrational isolation is also shown.

The STM has proved to be a very reliable and adaptable instrument. It can work in very
different environments, from Ultra High Vacuum (UHV), as initially intended," to standard ambient
conditions, with scanning tips immersed in non-conducting liquids, and under the appropriate
insulation, even in electrolytes, as in electrochemical cells.?® It can also work under very low or high
temperatures.

For this thesis, two home-built ambient STM were used. They are shown in figure 2.2. Both
STM heads are mounted on a vibration isolating pyramid made of differently sized copper plates,
separated by rubber stands.?”* The function of this pyramid, together with the optical table, is to damp
vibrations from the floor that are more pronounced in the frequency range 0.1 to 50 Hz. The vibrations
in this frequency range may impair the ability of the STM to acquire high resolution data.

The main differences between these two STMs units are: First, the manual coarse approach
mechanism of the first STM shown in figure 2.2a against the automatic coarse approach for the STM
shown in figure 2.2b. Second, that the scanning piezo head of the first STM is fixed on the pyramid,
whereas for the second STM shown (figure 2.2b), the head is removable. This last feature of the
second STM unit allows easier and faster positioning of the scanning tip on the area of interest of a

sample as compared to the first fixed configuration shown.
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Figure 2.2: Two home-built STMs used during the course of this work. a) STM with a manual course
approach; b) STM with automatic piezo-driven approach. Both are operated on an optical table to
damp vibrations that may be transferred from the floor (not shown). Both STMs sit atop a pyramid
made of copper plates to further minimize vibrations. The STM at b), including the pyramid
constructed from circular plates, was designed by Stephan Kloft.

2.1.1.1 Theoretical Background

The simplest theoretical model to explain STM operation is based on one-dimensional
tunneling theory.*® The tunneling effect can be understood by wavelike properties of particles, as
described in quantum mechanics. If E, the kinetic energy of a particle, is lower than U , the potential
energy of a barrier, there is a non-zero probability for transmission through the classically forbidden
region and reappearance on the other side of the barrier. This probability P of a particle to traverse

the above mentioned barrier, moving in the + z direction, can be estimated by:30

Poce™ @2.1)

where z is the thickness of the barrier and « is a decay constant given by:

K=~2mU -E)/% | 2.2)
where m is the mass of the particle, and 7 =h/27. (h is Planck’s constant.) In the case of STM, the

thickness of the barrier is the gap separating tip and sample, known also as the tunneling junction. The

particle of interest, m, is an electron of energy E ; and y is the wavefunction of the electron (when it

is located in the sample). Thus, equations 2.1 and 2.2 can be rewritten as:

|l//(Z)|2 _ |W(O)|2 ) e_Z(J(Zm((DO_E)/h)Z | 23)
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where @, is the sample work function (a potential energy barrier), and y(0) is the value of y at the

sample surface. A graphical explanation of the tunneling effect is presented in figure 2.3.

A .

. T ; vy V
@, work function ﬂpi'ﬁ--"”‘fe/

~,
(potential barrier) N

Energy

HHHHHH)r'

= JLrnIeng

classically
forbidden
barrier

AHARHAARAAAAAHA
HHHHHHHHHHHHHH Y

A

Y,

T 1 T 1T 1T 1T 1 1
T T T T T T T T T7T

L L T 1T 1T 1T 1T 1
r'T T T T T TTTTTT

T 7

Z Distance

o

Figure 2.3: Energy diagram for the tunnel effect. The sample-tip tunneling junction is a barrier of
width z. When a bias voltage is applied, electrons can tunnel from the occupied states of the sample to
the unoccupied states of the tip, or vice versa, depending on the bias direction. Tunneling is only
possible in the energy interval eV, between the sample and tip Fermi levels, E_. y is the

wavefunction of the electron in the sample.

This elementary model explains some basic characteristics of metal-vacuum-metal tunneling.

The work function @, of a metal surface is defined as the minimum energy required to remove an

electron from the bulk to the vacuum level @, depends on the material and on its crystallographic

orientation. Neglecting thermal excitation, and setting the vacuum level as the reference point of
energy (Er = -, ) the Fermi level becomes the upper limit of the occupied states in a metal.
For simplicity, it is assumed that tip and sample are metallic and their respective work

functions are equal. Then, when the tip is brought close enough to the sample, electrons can tunnel

from the tip into the sample, or vice versa; however, for a net tunneling current to occur, a bias voltage

must be applied. Taking this into account, for small bias voltages (eV <<®,), the tunneling

probability of an electron of energy E located between [E. —€eV, E. ] simplifies equation 2.3 to:

(@) =|w () -e W o4

Then, because the current | is proportional to the sum over all states located between

[E- —eV,E-], | can be written as:
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Er

| oc Z\‘P(Z)\Z . 2.5)

E=Ef-eV

In an STM experiment, the tip scans over the sample surface. To simplify the quantum
mechanical treatment, the tip condition is regarded not to vary during these scans. Furthermore,
electrons tunneling from the surface to the tip or vice versa are assumed to have constant velocity. The
tunneling current is directly proportional to the number of states in the sample surface within the
energy interval eV , which are available for the tunneling current. This number depends on the local
density of states (LDOS) of the sample surface. The LDOS is the number of electrons per volume per
unit energy at a given point in space at a given energy.** For metals, it is very high, for insulators and
semiconductors it is very small, and for semimetals, it lies between both.*" If a small bias voltage V is
applied between tip and sample, the density of states (DOS) of the sample is considered to have only

very small variations in the range [E- —€V,E.]. Then expression 2.5 can be written in terms of the

LDOS of the sample at the Fermi level, p, (E. ), with the tip at a distance z from the sample, as:*>*"

Ee

1 2
IOS(EF)EW D W) (2.6)

E=Ep—eV

25,31

Substituting 2.6 into 2.5 gives:

| <V - p(E): e_z(“zm'%/h)z_ 2.7)

Proportion 2.7 indicates that a constant-current STM image is a line-contour representation of

the LDOS of the sample at the Fermi energy. The typical value of the work function is @, = S5eV,?

giving a value of the decay constant x ~ 0.1nm™.

Perturbation Theory

The large body of concepts developed studying the M-I1-M tunneling junctions are
fundamental for understanding the tunneling effect in STM.** The most used theory for explaining the
M-1-M tunneling is the time-dependant perturbation approach developed in 1960 by Bardeen.*

For this purpose, Bardeen considered first two separate subsystems. Their electronic states are
obtained by solving their stationary Schrodinger equations. The transfer rate of an electron from one
electrode to the other is evaluated using time-dependant perturbation theory. In this way, Bardeen
showed that the amplitude of the electron transfer, or the tunneling matrix element M, can be
determined by the overlap of the surface wavefunctions of the two subsystems at a more or less

arbitrary separation surface. This means that M is determined by a surface integral on a separation

surface S, between the two electrodes as follows:**
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M :%-S_[(;(*Vt//—t//VZ*)dS, (2.8)

where w and y are the wavefunctions of the two electrodes. Equation 2.8 shows that M depends
exclusively on the wavefunctions  and y in the barrier. Applying these principles to the STM

sample-tip junction, it can be conveniently considered that y is the wavefunction of the sample, and

x that of the tip. Then, the probability w of an electron in the sample at energy level E  tunneling

toastate y of the tip of energy level E  is given by Fermi’s golden rule:*
= 2TIMPs(E, —E)
W= 7| | v ) (2.9)

which considers only elastic tunneling, i.e. only tunneling between states of similar energy E, and

E, . When a bias voltage is applied, the tunneling current is then given by:%

| :%T{f(EF —eV) - f(E)]p,(E-eV)- p,(E)- M dE, (2.10)

which integrates over all possible combinations of sample and tip states. The Fermi distribution,

f(E), is given by:

E-Er

f(E)= e[ ol J +1| (2.11)

where E is the potential energy of the electron, E. is the Fermi level, and T is the absolute
temperature. p, and p, are the densities of states of the sample and tip, respectively. Considering

only cases with small bias voltage and at relatively low temperatures, which covers in practice the
usual experimental conditions under which STM is performed, allows equation 2.10 to be simplified to
the following:

2710  (Ep+eV
= 7 iy

At elevated temperatures, there is a corresponding term for reverse tunneling. Equation 2.12 is valid if

| [pS(E—eV)-pt(E)-|M|2]dE. (2.12)

M is considered almost invariable in the energy interval €V . If the DOS of the tip, p,, is considered
constant in the energy range of interest, then the tunneling current is evaluated solely by the sample by
the following equation:

| cV-p (E —€V). (2.13)
This last proportion states that the current is essentially determined by the LDOS of the sample at the

Fermi energy.’
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s-Wave Tip Model

33,34

Tersoff and Hamann®>*" showed for the first time that proportion 2.7 was also valid in three

dimensions.? For this purpose they used a simplified model of the tip, approximating the apex to a
spherical s-wave function. They also evaluated the sample LDOS at the Fermi edge p,(E:) at a
distance r, = z+ R, where z is the distance between the apex of the tip and the sample surface; and R

is the radius of curvature of the tip (see figure 2.4). In this way the solution for M, the tunneling

matrix in equation 2.8, is given by:*

M oc x-R-e¥-y(r), (2.14)
where y/(r,) is the sample wavefunction evaluated at r,, and with x = ,/2m®, /7 . Then, at small
bias voltages, | is proportional to:*

| c R?x7*e* -V - p.(Ep) p.(Ep, 1) -w(r,). (2.15)
This last equation shows that | is proportional to the sample LDOS at the Fermi level evaluated at r,.

This model explains the high resolution on metals such as Au(110); however, does not explain large
corrugation heights quantitatively.? This model also becomes less accurate for large values of R. An
exact treatment of the tip would probably be far less useful since it would require more specific

information about the tip wave functions, and would not reduce to an explicit equation.

A T TR T I RN

Figure 2.4: Graphical explanation of the Tersoff-Hamann tip model. The apex of the
tip is modeled as an s-wave. The tunneling current is proportional to the LDOS of the
sample at the Fermi level at a distance R + z from the center of curvature, ro, of the tip.
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2.1.1.2 Imaging with STM

The first STM studies were of pristine surfaces free from any adsorbed molecules. These
studies facilitated the real space determination of their atomic structure. Among these surfaces were
metals,® like Al(111) and Pt(100), and semiconductors,® like Si(111) and graphite.*’ In subsequent
experiments, atoms and molecules were adsorbed on these surfaces, allowing the analysis of the
interaction of adsorbates with substrates, and among adsorbates. The main processes studied with
adsorbed molecules were nucleation, growth, electronic coupling to the substrate and chemical
activity.®

In the early days of the STM, it was assumed that most organic molecules were not visible by
this technique, since they possess a large energy gap between HOMO and LUMO. Hence the first
adsorbates studied with the STM were comparatively small inorganic molecules, *“ like CO on
Pt(100) and Pd(110), or simply atoms,*** as S on Mo(100) or O on Ni(100). Later on, the size of
adsorbates was increased to include molecules of medium complexity.*®

When molecules adsorb on surfaces, interpretation of the resulting STM images can become
intricate. The STM ability to resolve molecular adsorbates depends on the probability that the
adsorbate’s electronic states contribute to the tunneling current.* The apparent height of atoms in
STM images of atomically flat surfaces is not necessarily related to their physical height over the
surface.”! For example, S atoms appear mostly as protrusions above the substrate; however, O atoms

commonly appear as depressions.” These results were explained by Lang**

using Bardeen’s
approximation® to calculate the tunneling current between two atoms on very close electronic gas
surfaces (so-called “Jellium”). The electronic states of the adsorbed atoms can enhance or reduce the
tunneling current through their influence on the density of states at the Fermi level.** S increases the

LDOS, while O decreases it. Using the Tersoff and Hamann theory,*3*

the spatial contrast can also be
explained. Based on Lang’s theory, Eigler showed quantitatively that a non-conducting atom, like Xe
on Ni(110), can be visible with the STM.*

Molecular Orbital (MO) Theory has been used to identify molecules by their observed STM
images. Early examples include copper phtalocyanine®® adsorbed on Cu(100) or alkyl-cyanobiphenyl
on graphite.* These two results demonstrate that STM reveals the electronic structure of the
adsorbates, rather than their real topography.® However, the electronic states calculated using MO for
isolated molecules does not take into account the influence of the substrate. For this purpose, a
modified computational methodology was proposed by Hallmark and Chian® in 1995 using Extended
Hickel Theory to calculate extended Hiickel orbitals for the combined system molecule + substrate.
This then yields contour maps of occupied or unoccupied LDOS that can be compared with actual
STM images. Recently, Density Functional Theory (DFT) calculations were performed to explain the
electronic effects observed in alkanes adsorbed on graphite with the STM.>* Another popular method

is the Electron Scattering Quantum Chemistry (ESQC) developed by Sautet and Joachim.** Here the
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tunneling process is treated as a scattering process, and the surface-adsorbate-tip system, as a defect in
a periodic bulk.***®* ESQC was successful in explaining the different contrast features obtained with
benzene on Pt(111), attributing them to different adsorption sites.> Here, when adsorbed atoms are not
well enough separated, the mechanism behind contrast formation becomes more complicated to
explain.*' Also, the apparent shape of atoms recorded with the STM can be influenced by the
proximity of adsorbates. This is a result of the interference between tunneling paths through
neighboring adsorbates when the tip is located between the adsorbates.® These interferences can
complicate the structure determination of adsorbates via contrast features in the resulting STM
images.*

A review of various theoretical methods to simulate and explain the observed STM images of

adsorbates on surfaces is given by Sautet.>®

2.1.2 Spectroscopy

Spectroscopy is the study of emission and/or absorption of electromagnetic radiation by
matter. It as applicable throughout the entire electromagnetic spectrum and allows to gain knowledge
of the elementary excitations in matter, and hence about the structure of matter. If the spectrum is
recorded directly from an emission source, it is named emission spectroscopy; if recorded from an
absorbing sample interposed between an emission source and a detector, it is called absorption
spectroscopy. For the latter case, ultraviolet and visible (UV-Vis) spectroscopy is a typical example,
and was also used in this work. When the incident radiation is reflected or scattered, it is named elastic
or inelastic scattering, depending whether the incident radiation exchanges energy with the analyzed
sample. Raman spectroscopy is an example of inelastic scattering. In the following, the most relevant

spectroscopic analytic procedures performed during the course of this work are discussed.

2.1.2.1 Ultraviolet and Visible (UV-Vis) Absorption
Spectroscopy

In the course of this thesis, UV-Vis absorption spectroscopy was used as a method to measure
the concentration of molecules in solution. Typically, the solvents used were fatty acids, and the peak
absorption wavelength of the solute molecules was found in the UV region. The measurements served
as an independent confirmation for the very low to almost complete insolubility of some solutes in
selected solvents. For instance, UV-Vis spectroscopy helped to establish with certainty why some
building blocks failed to self-assemble on a substrate, when it was found that the solubility of these

molecules was extremely low.
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The spectrometer used had a collimated beam of light, transmitted through an optical fiber,
and the detector was sensitive for wavelengths from ~180 nm through 890 nm; this range spans from
middle ultraviolet up to near infrared radiation.

To measure the concentration C of solutes in solution, the following linear relationship known

as the Beer-Lambert-Bouguer law is applied:

I, -1
A=log-2—2=a-l-c, (2.16)
I =1p
where A is the absorption or transmission, |, the intensity of the light transmitted by the cell

containing only the solvent, | the background noise (dark current) measured by the detector, I the

intensity of the light transmitted by the cell containing the sample (composed of solvent + solute), a
the absorption coefficient, and | the distance the radiation travels through the solution of interest, i.e.
the optical path length. Thus, if | and aare known, and A is measured, C can be deduced.

Under certain conditions the Beer-Lambert law fails, because a linear relationship does not
hold true. This is the case for BTB (figure 3.1) dissolved in heptanoic acid above 50% saturation
concentration. For TCBPB (figure 3.1) dissolved in several carboxylic acids, no deviations to this law
were encountered for concentrations up to 100% saturation, because of the very low solubility of this
solute in these solvents.

Figure 2.5a shows typical UV-Vis absorption spectra at different concentrations. In this
example, the molecule studied is TCBPB dissolved in heptanoic acid. The chemical structure of
TCBPB is shown in chapter 3 (figure 3.1). Figure 2.5b shows the regression line obtained from the
absorption peak maxima, at 308.3 nm, for different concentrations. Its correlation of 99.3% proves a
very good linear relationship along the measured concentrations, complying very well with Beer-

Lambert’s law.
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Figure 2.5: a) Absorption spectra of TCBPB dissolved in heptanoic acid at different concentrations
for the wavelength region between 250 nm and 360 nm. The absorption peak maximum is located at
308.3 nm. The bottom (black) line presents the absorption spectrum of pure heptanoic acid, whereas
the other lines present increasing concentrations from 5% to 100% saturation (100% saturation curve
drawn in red). b) The graph shows the very good linear relationship found for concentration versus
absorption. The absorption values are taken from the absorption maxima in a). The color code of each
spectrum in a) is again represented in the color of each data point in b).
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2.1.2.2 X-Ray Photoelectron Spectroscopy (XPS)

XPS can be a complementary analytical method to STM, providing additional chemical
information of a sample’s surface.”® By measuring core level binding energies of the top 1 to 10 nm of
a solid substrate, elemental composition can be identified.>” XPS signals arise from a surface area that
encompasses at least several molecules, hence no lateral resolved information can be obtained.*®
Assuming that the elements to be detected have a concentration greater than 0.05 atomic %, XPS can
identify and quantify the elemental composition of a sample, except for H and He. It can also reveal
the chemical environment of a specific element, i.e. to which other elements it is bound, and the type
of bond, by small shifts in binding energy.

XPS is based on the photoelectric effect discovered in 1887 by Hertz*® and explained in 1905
by Einstein®. Briefly explained, this effect arises from the transfer of energy from impinging photons
to the electrons bound to atoms on a surface, provided that the energy of the photons is greater than the

binding energy of electrons. The electron’s kinetic energy E, emitted from the sample surface is given

then by the following energy conservation equation:

E, =hv—E, - ®,, (2.17)

where hv is the energy of the incident photon, E, the binding energy of the electron relative to the

Fermi level and @, the work function of the sample.**®

In XPS, spectra are gathered inside a UHV chamber by irradiating a sample with
monochromatic X-rays of 1000 to 1500 eV emitted from Al Ko or Mg Ka radiation. At the same time,
the amount of core-level electrons being emitted from the sample is measured, as well as their
respective kinetic energy. When a substrate with adsorbed molecules is analyzed, each element, except
H and He, emits a high intensity spectrum at a specific kinetic energy. The amount of detected
electrons at the corresponding energy can be related to the amount of that element present in the
sample. The electronic structure of the elements present on the surface is also obtained in the process.
This structure gives information about the electronic states of those elements and the type of bonds
formed between them. Hence, it can be deduced whether the adsorbates have formed new bonds
between themselves, or between adsorbates and substrate. In the case of an organic sample, the
amount of H may be estimated by the electronic state of the other elements.® In this work, XPS served
as an independent method for confirmation of covalent bond formation between adsorbates. This was
achieved by comparatively analyzing adsorbed 1,4-benzenediboronic acid on graphite, before and after

a thermal treatment.
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2.1.2.3 Raman Spectroscopy

Raman Spectroscopy studies the vibrational and rotational modes in molecules.®* It is based on
Raman scattering, which is the inelastic scattering of monochromatic radiation. Approximately 1 in
107 scattered photons has a different energy than the incoming photons, meaning that the photons lose
or gain energy during the scattering process. Scattering of radiation occurs because the oscillating
electric field of a radiation source interacts with the electrons of the sample, thereby inducing
oscillations in the molecules. This causes a change in the polarisability of the molecule. These

oscillations are then re-emitted as radiation that can be read in a detector.

Elastic collisions with photons of incident energy hv,, where h is Planck’s constant and V;
the frequency of the incident radiation, result in scattering of photons of the same energy. This is the
most likely scattering process and is termed Rayleigh scattering. However, if incident photons gain or
lose energy by the interaction with electrons of the sample, the scattered photons will have energies
given by:

hv, =hv, £hy,, (2.18)
where hv, is the energy gained or lost by the incident photon. Assuming the energies of molecule and
photon do not change during the scattering process, then:

E,+hv, =hv, +E,, (2.19)
where E, represents the total vibrational energy of the molecule before the collision, and E, after the

collision. The Raman shift is then expressed as:
El — Eo
—

When the collision is elastic ( E;, = E;) Rayleigh scattering occurs. If v, > Vv, Stokes scattering takes

V-V, = (2.20)

place, if v, <v,, anti-Stokes scattering will occur (figure 2.6). In principle, the frequency of the

incident radiation is not critical, since only shifts in frequency are measured.®

For anti-Stokes scattering to occur, the molecule needs to be in a vibrationally excited state,
whereas for Stokes scattering, the molecule can be at the ground state. Therefore Stokes lines are
much more intense than anti-Stokes lines, as governed by the Boltzmann distribution of the vibrational

state population.®?
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Figure 2.6: Energy transitions taking place in Raman spectroscopy. In anti-Stokes scattering the
photon has gained energy from the molecule, leaving the molecule in a different vibrational state. In
Rayleigh scattering the molecules is in the same state when the photon leaves. In Stokes scattering, the
photon loses energy to the molecule, again changing the vibrational state of the molecule.

In practice, Raman spectroscopy uses a collimated laser beam as radiation source, because
laser light is monochromatic. Lasers also permit measurements of relatively small Raman shifts, with
high signal-to-noise ratios. Selection of the radiation source wavelength depends on several factors:
The Raman differential scattering cross-section, the magnitude of the Raman shift in wavelength, and
the potential for fluorescence.®

The Raman differential scattering cross-section o, which is the probability of an absorption

process to occur, or in other words the probability of a particle-particle interaction, is given by:
— — \4
fogies (UO - uvib) , (2.21)
wherev, is the wavenumber of the incident radiation, and v, is the wavenumber of a vibrational

mode of the molecule of interest. The consequence of equation 2.21 is that for a given vibrational
mode with a specific wavenumber, a radiation source with shorter wavelength increases the Raman
scattering cross-section with respect to a source of longer wavelength.

The Raman shift is constant with respect to vibrational energy, thus it is constant in
wavenumber, but not in wavelength. A large Raman shift greatly facilitates the separation of Rayleigh
and Raman scattered light, possibly yielding better signal-to-noise ratios with the ability to measure
smaller Raman shifts.

Fluorescence can arise when the selected radiation source approaches shorter wavelengths.
Fluorescence is a different inelastic scattering process which can become so pronounced that it can
interfere with weak Raman signals. This problem was encountered in this work: The analysis of
dehydrated samples of 1,4-benzenediboronic acid was greatly impaired by fluorescence when a Nd**

green (532 nm) laser was used as radiation source. To circumvent this obstacle, a near-infrared
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Nd*:YAG (1064 nm) laser was used instead, which effectively doubles the radiation wavelength of
the first laser source. Similar problems have also been reported in the analysis of wood constituents.*
Raman spectroscopy is usually considered a complementary analytical method to Infrared (IR)
spectroscopy, because of the existence of complementary selection rules. For a vibrational mode to be
active in Raman, the polarisability of the molecule has to change during the vibration, as explained
before, whereas to be IR active, the dipole moment has to change during the vibration. One example is
the totally symmetric vibrations found in homonuclear diatomic molecules, which are Raman active,
but IR inactive. The Raman spectral energy range spans from 200 cm™ to 4000 cm™, allowing its use
for organic as well as inorganic species. Because minimal or no sample preparation is required, this
analytical technique efficiently produces reliable results. Also, since the vibrational information is
specific to the chemical bonds, Raman spectroscopy is often used as fingerprint technique for chemical

identification of molecules.

2.1.3 Powder X-Ray Diffraction (PXRD)

Powder X-ray Diffraction is based on the interaction of X-rays with the atom’s inner electron
cloud. Incident X-rays interact with these electrons, re-radiating secondary, or diffracted X-rays, due
to Rayleigh scattering (see figure 2.6, Rayleigh). Coherent diffraction of X-rays is related to the
interplanar spacing of lattice planes in the crystalline structure, according to the following equation:

nA=2d-siné, (2.22)
where n is an integer, A is the wavelength of the incident X-rays, d is the interplanar spacing in the
atomic lattice, and @ is the diffraction angle between the incident beam and the scattering planes. This
equation is called “Bragg’s Law”, and was derived in the year 1912 by W. L. Bragg and H. Bragg.

PXRD is widely applied for the characterization of crystalline materials. It provides less
information than single-crystal X-ray diffraction; however, it is much simpler and faster. PXRD does
not require single crystal samples; also, these crystals do not need to be large. PXRD is useful for
identifying a solid material, as well as determining crystallinity and phase purity.

Ideally, the sample should be a statistically infinite amount of randomly oriented powder
crystallites of less than 10 um in size. In this way, all possible crystalline orientations are exposed to
the X-ray beam. In practical terms, most instruments use a limited analytical volume to preserve good
resolution, so a relatively small sample is enough to yield very good results when analyzed.®

For PXRD, the better the monochromaticity of the X-ray radiation, the better the experimental
results. The radiation emitted from an X-ray tube consists mainly of Kal, Ka2 and Kg. For this work,
Mo-Kal was the only radiation used. Kp radiation is normally removed by a filter or a
monochromator. K2 can also be removed by a filter, although not easily; therefore it is usually

removed electronically during data processing.®
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2.1.4 Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) is a technique in which the mass (weight) of the sample is
monitored as it is subjected to a controlled temperature program. This is usually performed under a
controlled inert-gas atmosphere. The variations in mass are plotted as a function of temperature or
time.®® With TGA, the temperature at which reactions occur can be determined. Typical examples are
dehydration reactions, polymerization, desorption, and decomposition. With the recorded variations in
weight, and with some prior knowledge about the sample’s chemical nature, the reactions that take
place in sample can be interpreted. In this work, TGA was used to determine the onset temperature of

the dehydration reaction of 1,4-benzenediboronic acid.
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2.2 Materials

Both readily commercially available and specifically prepared or synthesized materials were
used in the course of this work. Highly Oriented Pyrolitic Graphite (HOPG), some molecular building
blocks, and all solvents used fit in the first classification; while mica-supported gold(111) and most of
the molecules studied belong to the second classification. Due to the small scale at which experiments
were performed, only small amounts of material were necessary, almost resembling microscale

chemistry.

2.2.1 Choice of Substrate

Suitable supporting substrates for STM analysis of deposited molecules should be ultra flat,
i.e. they should possess large, very flat regions spanning an area of many thousands of square
nanometers, preferably at least 50 x 50 nm? Some natural minerals meet this requirement when
cleaved, for example, naturally occurring graphite, molybdenite (MoS,) and mica. However, these
materials must also be electrically conductive, which expels mica out of this group. Usually, substrates
used for STM analyses are prepared by other methods, like finely polishing a single crystal, as in the
case of metals, by synthetic production, as with HOPG, or by Physical VVapor Deposition (PVD) on a
very flat surface. This last approach is usually the preferred method to prepare Au(111) surfaces for
STM analyses due to the small amount of expensive materials necessary. These surfaces are usually
supported by a clean glass substrate or by natural mica mineral. More information about this procedure
can be found in appendix 1.

In this work, the most used supporting substrate for studying molecules was graphite. It was
freshly prepared by cleaving a HOPG crystal with adhesive tape. In the early days of STM, graphite
was regarded an inappropriate substrate for molecular deposition due to multiple observed artifacts
mimicking adsorbed organic molecules.®”*® However, after substantial experimentation, most of these
artifacts have been hitherto recognized as inherent features of graphite and successfully explained.*"
Consequently, graphite has become very popular as a supporting substrate for liquid-solid STM

experiments.

2.2.2 Solvents

In order to image molecules on substrates under the STM, it is first needed to deposit these
molecules. Langmuir-Blodgett film deposition was among the first techniques used.®® However, this
method has come into disuse, being superseded by molecular vapor deposition in UHV or by

dissolving the molecule of interest in a solvent and then applying the solution onto a substrate. In this
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last case, the solute molecules eventually adsorb on the substrate, rendering them observable with the
ambient STM at the liquid-solid interface.

The solvents used in this work are almost non-volatile and have virtually zero electric
conductivity. The first characteristic assures, in practical terms, a stable concentration during the time
laps of the STM analysis. The second characteristic produces an insulating environment for the
scanning tip, avoiding problems with leakage currents. Hence, the tunneling electrons flow only
between tip and sample, exclusively imaging the surface or the molecules adsorbed on it. It also
renders any insulation of the scanning tip unnecessary,” further simplifying the experimental
procedure.

The old rule in chemistry, “like dissolves like”,” aids in selecting the solvents that dissolve the
molecules used in this work. The organic molecules used (see section 2.5.3) dissolve best in organic
solvents that possess similar functional groups. Therefore for tricarboxylic and diboronic acids solutes,
fatty acids or alkanoic alcohols solvents readily dissolved these molecules. As a counterexample,

dodecane, an alkane, did not dissolve TCBPB, a large tricarboxylic acid.

2.2.3 Molecular Building Blocks

In this work, the molecules studied were all organic. They are composed mainly by one or
several phenyl rings, o-bonded or fused. The molecules are functionalized by carboxylic acids,
boronic acids or alcohols. Carboxylic acids were used to study supramolecular self-assembly, while
boronic acids were mainly required to react and form new, larger compounds and networks
interconnected by covalent bonds. Alcohols were used either for self-assembly or for bond formation
with boronic acids. Relevant details of each molecule used, and the reactions and processes they
undergo, are presented in the following chapters.

Molecular precursors were obtained from several sources. Some are commercially available,
like 1,4-benzenediboronic acid; others were synthesized by collaborating research groups. One of
these groups is headed by Prof. Michael Schmittel, located at the University of Siegen. This group
synthesized the large tricarboxylic acids. The other group is headed by Prof. Thomas Bein, in
collaboration with Prof. Paul Knochel, at the Chemistry Department of the LMU in GroRhadern. This

last group supplied the para-diboronic acids, except for 1,4-benzenediboronic acid.
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In self-assembly, disorganized objects autonomously and spontaneously form specific
organized structures. These objects can mostly interact only with their closest neighbors. The process
may use an extremely large number of individual components, building networks that can span lengths
that are thousand times the size of any individual component. The structures are in dynamic
equilibrium with additional building blocks in the surroundings. This implies that self-assembly is a
completely reversible process. It allows the individual constituents to move and reach the energetically
most stable configuration, and has the potential for self-repair or self-heal. Self-assembly has been
widely studied in non-living systems and was proposed to play an important role even in living
organisms.” Self-assembly has been observed in 3-dimensional systems, for instance, in

® in 2-dimensional ones, like the formation of

crystallization or in atmospheric weather systems;’
surface-supported self-assembled monolayers; down to 1-dimension, for example, building
nanowires.”® Lessons learnt from natural self-assembled systems have been applied to artificial
systems. For instance, mathematical algorithms were used to control the physical interactions between
modules in robots.”""®

The field of surface-supported self-assembly begun in 1946 when Zisman et al. demonstrated
the adsorption of a monolayer of surfactant molecules onto a metal surface.” It received greater
attention when Nuzzo and Allara showed in 1983 the solution-based self-assembly of thiols on a gold
surface, via disulfide adsorption of di-n-alkyl.*® Since then, further research has yielded self-

12,81,82

assemblies that consist of a variety of organic and inorganic building blocks,®® on many different

84-87 88-92

substrates from metallic, to chalcogenides,® to graphite (non-metallic). For the direct in-situ
observation of these assemblies down to the molecular level, the Scanning Tunneling Microscope
(STM) has proved to be an utmost important tool.

Potential applications of molecular self-assembly have already been identified and some
practical uses are emerging. A promising example is the removal of oil droplets on water by coating a
cylindrical gold rod with a hydrophobic self-assembled monolayer that consists of long alkanethiol
chains.”

In the following, the molecules directly involved in the self-assembly process, i.e. the
molecular building blocks, are denoted “adsorbates” or “solutes”. Both terms refer to the same

building blocks, but distinguish whether they are still dissolved in solution or bound to a surface.
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3.1 Thermodynamics

Like any other spontaneous process in nature, the formation of a self-assembled monolayer
can only occur if the associated change in the Gibbs free energy AG is negative at constant
temperature and pressure. AG is expressed by equation 3.1 as follows:

AG =AH —-TAS. (3.1)
Here, AH is the change in enthalpy, AS the change in entropy, and T the temperature of the system.

Self-assemblies usually emerge from an initially disorganized state and converge towards a

more ordered state, yielding a negative net change in the entropy of the system. Although this may

seem counterintuitive for a spontaneous process, it is explained by the overall change in entropy of the

universe AS given by:

univ'?

AS,. =—AG/T. (3.2)

univ
ASuiv is positive for all spontaneous processes and ultimately drives all reactions. Hence, self-
assembly can only take place if the associated negative value of the change in enthalpy (AH) in
equation 3.1 is smaller than the positive term —TAS .

Nucleation, diffusion, adsorption, desorption, and ripening processes control the growth of
surface-supported self-assemblies. As the assemblies increase in size, the Gibbs free energy of the
system progressively decreases. This continues until a dynamic equilibrium is reached, reflected in a
minimum of the Gibbs free energy. Thus, the assemblies become thermodynamically stable.

Under ideal circumstances, self-assemblies achieve their final configuration by arranging and
rearranging the building blocks relative to each other, in order to find patterns with the lowest possible
Gibbs free energy under the given conditions. These conditions are imposed by external and internal
factors, like temperature, choice of solvent, solute concentration, and choice of substrate.* If the
system is at room temperature, the participating forces should be in the range of ksT, where kg is the
Boltzmann constant. Weak intermolecular interactions fulfill this energy requirement. Those include,
for example, hydrogen bonds, van der Waals, ©-n interactions, weak polar forces, etc.®*% The
interactions most relevant for this thesis will be discussed in section 3.2.2. Because these interactions
are reversible in nature, and the equilibrium achieved is dynamic, the system has the ability to correct
structural errors; that is, to self-heal. Thus, regular and extended, almost error-free, supramolecular
networks, can be realized.

If perturbations to the ideal conditions occur during self-assembly, the resulting final state can
be different to those attained under ideal conditions. Upon removal of these perturbations, the system
may be in a meta-stable state of equilibrium. Transformations to the most stable states can take place
slow enough to allow for their experimental observation. Factors altering ideal conditions need only be
mild, for example, small local changes in temperature, presence of step edges on the substrate, solvent

evaporation in the time lapse of the experiment, and hence increase in the concentration (in liquid-
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solid self-assembly). Observation of the existence of different assemblies and structures under similar
experimental conditions is a proof of the co-existence of structures with very similar AG .

To assess the thermodynamic contributions that play a role in self-assembly as given in
equation 3.1, namely the change in enthalpy (AH) and the change in entropy (AS), a separate
analysis of both contributing factors is presented in the following.

The enthalpy change due to self-assembly, AH , comprises mainly the adsorbate-substrate and
adsorbate-adsorbate interaction energies. These are the most important interactions when the process
takes place in vacuum. This picture becomes more complicated when self-assembly takes place at the
solid-liquid interface. Here, other contributions to AH have to be taken into account, like solvation
enthalpy and co-adsorption of solvent molecules on the substrate. The first two interactions, adsorbate-
adsorbate and adsorbate-substrate, can be estimated via quantum chemical calculations or Molecular
Mechanics (MM). Solvation enthalpies can be experimentally measured in a calorimeter. However,

d , 12,96,97

due to the sparing solubilities of the solutes in the organic solvents use the very small enthalpy

changes (in the order of ~3 kJ/mol)%*®

are of minor importance when compared to adsorbate-
substrate and adsorbate-adsorbate interactions (see table 3.1). Hence, this issue will not be addressed
further. Co-adsorption of solvent molecules is difficult to quantify, and therefore its total influence is
complicated to calculate. However, its estimated contribution has to be included in the entropy and

enthalpy evaluations.

In order to estimate the total entropy change, AS, .., a model proposed by Whitesides'™ and

total
co-workers is applied. This model was developed to explain entropic changes occurring in the self-
assembly of particles in solution. Here, the model is applied to 2-dimensional substrate-based solution
self-assembly, on the basis that the proposed relations are applicable for both cases. The total entropy

change can be partitioned as follows:

AStotal = ASconf + AS + AS + ASvib ) (3-3)

trans rot

where the terms on the right hand side of equation 3.3 are: conformational, translational, rotational,
and vibrational entropy, respectively.

Conformational entropy, AS is of great importance in systems where their individual

conf !

components can experience large changes in their conformation, as is the case when polymers and

proteins fold. When small and relatively rigid molecules self-assemble, as those used here,

conformational changes upon assembling are minimal. Thus, AS_ is considered to be almost zero

for all practical purposes, and can therefore be safely neglected.

Translational entropy, AS can be calculated by the following equation:

trans?’
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5
3

1| 27-m-k,T -e
AStrans =R:In E h2 , (3.4)

where R is the gas constant, m the mass of the solute, kg Boltzmann’s constant, T the absolute
temperature, ¢ Euler’s number, h Plank’s constant, and ¢ the solute concentration. Equation 3.4 is a
form of the Sackur-Tetrode equation. It was first deduced by means of statistical mechanics to
estimate the absolute entropy of an ideal single-atomic gas, which only consists of translational
entropy. However, when applied to molecules in solution, equation 3.4 significantly overestimates the
translational entropy. In order to avoid this overestimation, the concentration ¢ can be referred to the
free volume of the solvent as obtained by the hard cube approximation.**

The rigid body rotational entropy, AS_., can also be estimated from statistical mechanics by

rot?

the equation:

Asrot:R'In h? |1'|2'|3 (3.5)

where y is related to the symmetry of the solute molecule, and 14, 1, and I3 are its principal moments of

101,102

inertia. Equation 3.5 gives the rotational entropy of a molecule in the gas phase, and can be

directly used to calculate the rotational entropy of molecules in solution with ~2% uncertainty.'**
Vibrational entropy can be estimated using the following equations that are also derived from

statistical mechanics:**'**

n AT e
ASvib = kB 'Ziﬂl:ﬁ - In(l_ e T )} (3.6)

and
g =h-v./kg. (3.7)

Here ¢; is the vibrational temperature, n is the index of all normal modes, and v; is the vibrational

frequency of the i normal mode. The total vibrational entropy is the sum over all vibrational modes.

For almost all vibrational modes at 25°C, TAS, values are very small, especially in relation to

typical values of AS,,.. and AS, . Hence it is assumed that AS,;, is negligible and can be discarded

tras rot*

in the calculation of the total entropy change.
Taking all of the considerations above into account, the total entropy change can be greatly

simplified when the two main contributors are the only ones considered, as expressed in equation 3.8:

AS, . ® AS,,1s + AS,,. (3.8)

total trans
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Using equation 3.8, the total entropy loss when molecules form surface-supported self-

assembled monolayers from solution can be calculated easily.

3.2 Parameters Affecting Supramolecular Self-Assembly on Surfaces

The final self-assembled structures obtained with the molecular building blocks are directed

by many factors. The most important ones will be analyzed and discussed here.

3.2.1 Molecular Structure

Normally, the molecules (adsorbates) that build the self-assemblies possess purposely
designed geometries, functional groups, and positioning of these groups relative to one another. Thus,
the building blocks encipher basic information about the final self-assembly structure. In this thesis,
the aim is to synthesize regular and extended open-pore networks. To this end, three-fold symmetric
molecules, possessing a carboxylic acid functional group at each lobe, were used.****%"1®® Figure 3.1
shows some of these molecules, along with their isotopological smaller variant, trimesic acid (TMA).
All these molecules are equipped with a rigid backbone comprised of one or several phenyl rings.
These rings promote the planar adsorbtion of the molecules on graphite, allowing the formation of

hydrogen bonds between them via their carboxylic acid groups.
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Figure 3.1: Isotopological tricarboxylic molecules that possess three carboxylic acid groups oriented
at 120° with respect to each other. a) Trimesic acid, TMA (benzene-1,3,5-tricarboxylic acid); b) BTB
(1,3,5-benzenetribenzoic acid); ¢) MeCEPBA (4-{2-{3,5-bis[2-(4-carboxyphenyl)-1-ethynyl]-2,4,6-
trimethyl-phenyl}-1-ethynyl); d) TCBPB (1,3,5-tris[4’-carboxy(1,1’-biphenyl-4-yl)]benzene). Image
adapted from reference 96.

Although the desired self-assembly structure, a regular open-pore network of hexagonal
cavities is encoded in each molecule’s design, self-assembly of other polymorphs cannot be excluded.
This is because other competing interactions can dominate the self-assembly process. These can arise
between adsorbates or between adsorbate and solvent molecules. This issue will be addressed in more

detail in the next sections.
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3.2.2 Intermolecular Forces

Because self-assembly is a process where additional building blocks are in dynamic
equilibrium with the final structures, the interactions holding them together need to be reversible. This
discards the formation of irreversible bonds, like covalent or ionic, and favors utilization of
comparatively weak bonds, as explained in the following.

Adsorbates arriving at a surface interact with it via chemisorption or physisorption, thereby
lowering the free energy of the system. For chemisorption, strong interactions between adsorbate and
substrate are mediated through charge transfer or charge sharing. Typical examples thereof are thiols
on gold substrates. For physisorption, interaction energies are smaller than for chemisorption, leaving
the electronic structure of the molecules and substrate involved unperturbed. Weak van der Waals
forces are typical interactions that mediate physisorption and are always present between interacting
molecules.””'® The lack of possible stronger interactions between the adsorbates used here and
graphite substrate, i.e. covalent or electrostatic bonds, leave van der Waals forces as the dominating
adsorbate-substrate interactions. Although these interactions amount to less than 5 kJ/mol,'® taken
collectively they become a very strong force for the stabilization of physisorbed assemblies.

7-m interactions can arise among aromatic molecules'® or between adsorbates and a substrate.
Although this type of interaction may be neglected in molecules of less than 10 carbon atoms, it

becomes important as the adsorbates increase in size.'"’

Overall, n-n interactions can be regarded as a
weak force and are already taken into account within the aforementioned van der Waals interactions.
However, in particular cases, this specific type of interaction has been suggested to favor the formation
of self-assemblies where n-n stacked molecules adsorb upright on graphite, instead of yielding the
expected network of flat-laying adsorbates.*

The adsorbates presented in figure 3.1 are built from phenyl rings and therefore intended to
self-assemble flat on a substrate. When the substrate is graphite, the interaction of flat-laying benzene
with this substrate becomes additionally promoted when benzene is substituted with carboxylic acid
(COOH) groups. This is explained by the presence of the carbonyl group (C=0), which possess
electron-withdrawing properties, and hence decreases the m-electron density of benzene. Thus
diminishing the m-m repulsion that arises between the delocalized m-electrons of benzene and
graphite.'® This fact may also be applied to molecules composed of several c-bonded benzene rings,
as are the adsorbates used here.

The larger the molecular surface exposed towards an adsorbing substrate, the greater the
magnitude of the adsorbate-substrate interaction. Hence, the more restricted the lateral mobility of
individual adsorbates along the surface (2D diffusion) upon adsorption. To quantify these interactions
on a graphite substrate, Molecular Mechanics (MM) simulations, based on the Dreiding force field,
were used. The results for the tricarboxylic acids shown in figure 3.1 are presented in the following
table.
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Table 3.1: Adsorbate-graphite interaction energies for flat-laying molecules calculated using
MM, based on the Dreiding force field. The larger the molecular surface towards the substrate,
the greater the interaction energy.

Projected van der Waals surface area Adsorbate-substrate
Adsorbant (planar to the substrate) (graphite) interaction energy
[nm?] [kJ/mol]
TMA 0.65 115.6
BTB 1.22 256.6
MeCPEBA 1.86 354.1
TCBPB 2.09 392.3

While the interactions presented above mainly mediate the adsorption of molecules on a
substrate, hydrogen bonds (H-bonds), on the other hand, account mainly for intermolecular
interactions among accordingly functionalized adsorbates. H-bonds are considered strong
intermolecular interactions that play a very important role in designing and directing the assembly’s
final structure. A main reason for this can be found in the inherent directionality of hydrogen bonds,
where linear geometries that follow the free electron lone pair direction are favored over bent
geometries.'®® However, this directionality is considered soft, and significant deviations from linearity
are tolerated."

Hydrogen bonds can be classified, in decreasing energetic order, as strong (F—H---F < O—H---O
< N-H-+O < N-H-+N) and weak (C—H-+O < C—H-N < O—-H--1 < N-H:x < C—H-1)."® Although
the strong H-bonds are expected to direct crystallizations patterns in bulk structures, weak C—H:--O
bonds are also known to play an important role, mainly when carbonyl groups are present as hydrogen
bond acceptors.™° In 2D self-assemblies, one of the preferred functional groups used is the carboxylic

acid group, which is expected to yield a strong (60 kd/mol),****3

cyclic two-fold H-bond as detailed in

figure 3.2. In this arrangement, two carboxylic groups interact “head-to-head” forming a stable dimer.
The motif depicted in figure 3.2 was observed in the self assembly of small molecules as

TMA™# and medium-sized BTB", and others carboxylic acids.'®'* Deviations from the cyclic

dimer were observed in the TMA flower>®

and super flower structure™®, however interestingly,
strong O—H--O hydrogen bonds were still formed. The geometrical design of large molecules as
MeCPEBA and TCBPB, retaining the same three-fold symmetry and positioning of the carboxylic
acid functional groups at 120° relative to each other as TMA and BTB, was expected to likewise lead
to self-assemblies via the exclusive formation of strong O—H:-O H-bonds. Although O—H--O H-
bonds were indeed observed, the single (4-8 kJ/mol)***** and two-fold weak C—H---O H-bonds were
quite commonly encountered in the self-assemblies of these large adsorbates.*®*® The two-fold

“displaced” C—H--O H-bond motif is depicted in figure 3.3.
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Figure 3.2: The red circle highlights the “head-to-head” cyclic interaction motif of a
strong two-fold O—H---O H-bond between two carboxylic acid groups of TCBPB.

Figure 3.3: “Displaced” H-bond motif of a weak two-fold C—H---O H-bond observed
in the self-assembly of large tricarboxylic acid molecules of MeCPEBA and TCBPB.

Cyclic H-bonds, as those depicted in figures 3.2 and 3.3, increase their bonding strength by the
so-called Resonance Assisted Hydrogen Bond (RAHB).™® Here, the hydrogen bond donor and
acceptor atoms are connected via m-conjugated double bonds. This implies the presence of a covalent
character in the hydrogen bond, which is consistent with its known bond directionality.**® This
principle can be applied to intra- and intermolecular hydrogen bonds, and is also conceivable for a
cyclic two-fold C—H--O H-bond,"”**** hinting towards a cooperative enhancement also for this type of
H-bonds.

The formation of the “displaced” dimer motif shown in figure 3.3 has three direct

consequences:
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e Functionalization of the cavities formed in an open-pore self-assembly,
o formation of chiral assemblies, and

o formation of self-assemblies with higher packing densities

In the first case, the functionalization arises via the possible formation of strong O—H--O
hydrogen bonds with the adsorbate’s carboxylic acid groups that point into the pores. In the second
case, the displaced motif possess an inherent chiral structure that will form organizational chiral
assemblies.'”* Steric constraints or intermolecular directional forces are responsible for the formation
of displaced dimers.'#* However, it must not be overseen that the adsorbates giving rise to these chiral
dimers are intrinsically achiral. Since energetically equivalent enantiomers are always formed in equal
proportions, the global chiral symmetry of the self-assembly is maintained.'®® The third case is
explained by the closer proximity of the building blocks, as compared to polymorphs composed by the
head-to-head dimer motif.

The synthesis of self-assemblies may be complemented with other reversible, weak bonds

123,124

known from other systems: Among these are the halogen-halogen interactions, and directional

interactions formed by halogens and O or N atoms induced by polarization. An example of the latter

case is the iodo--nitro synthon (-1 + -NO,).'®

3.2.3 Influence of the Solvent

In liquid-solid self-assembly, the solvent plays an important role as the adsorbate’s transport

126

medium to the substrate via diffusion.™ Another, hitherto not fully understood factor, is its role in

determining the final self-assembly structure.’?” Some explanations for the solvent influence have been

13128 or if co-

proposed: The dielectric constant of the solvents can affect the stability of H-bond motifs,
adsorpion of fatty acid solvent molecules occurs, depends on the relative H-bond densities of the self-
assemblies.'®

As mentioned in section 3.2.1, in liquid-solid self-assembly, TMA' and BTB"® almost always
formed structures by means of a cyclic two-fold O—H:+-O hydrogen bonded dimer motif as their basic
H-bond moiety (figure 3.2). Exceptions are the flower, superflower and other minor structures found
for TMA."2"*® However, these structure were still held together by strong O—H-~O H-bonds, although
some of them totally or partially in different hydrogen bonding schemes as that shown in figure 3.2.*
Larger molecules, like MeCPEBA*® and TCBPB, showed both the possibility to assemble via the
two-fold O—H--O hydrogen bonded dimer motif or via the displaced two-fold C—H--O H-bonded
dimer motif (figure 3.3). For these two large molecules, the final structure was experimentally found
to depend on the solvent. A possible explanation will be proposed in the following.

Carboxylic acids have the capability to form strong two-folded intermolecular H-bonds, as

explained before. TCBPB and the other solutes mentioned possess three carboxylic acid groups each.
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When dissolved in fatty acids, each one of these carboxylic acid groups of TCBPB can form a two-
fold O—H---O H-bond with one solvent molecule. This bond is reinforced by RAHB. In principle, it is
also possible to have solute-solute O—H---O hydrogen bonds, but given their sparing solubilities in the
fatty acids (49.3 uM of TCBPB in heptanoic acid), the ratio of solvent to solute molecules is very high
(saturated TCBPB in heptanoic acid: ~143000:1) rendering solute-solute interaction very improbable.

When a drop of this solution is applied onto a graphite substrate, TCBPB molecules reach the
substrate still solvated, i.e. H-bonded to three solvent (fatty acid) molecules. Due to the large
adsorbate-substrate interaction (see table 3.1), TCBPB molecules have a long enough interaction time
on the surface that allows them to eventually diffuse laterally and approach each other. When the
TCBPB adsorbates approach each other, the fatty acid molecules that are still attached to the
carboxylic acid groups of TCBPB can hamper the formation of cyclic and strong two-fold O-H---O
hydrogen bonds between adsorbates. Instead, C—H--O H-bonds form between adsorbates, because the
sites available to form them are not obstructed. If in this situation more TCBPB molecules assemble to
this first two molecules in the same way, a nucleus is created, and the characteristics of a displaced
motif is replicated as the self-assembly grows larger.

It was observed experimentally that TCBPB dissolved in heptanoic acid forms self-assemblies
built almost exclusively from displaced dimers, whereas if dissolved in octanoic or nonanoic acid, the
proportion of O—H--O H-bonds between TCBPB increases, accompanied by a decrease in displaced

dimer formation. Figure 3.4 illustrates this behavior, which appears to be independent of

concentration.

> 2. m " - - = =20.ni - - .’.:_
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Figure 3.4: STM images at the solid-liquid interface of TCBPB dissolved in different fatty acids at
ambient conditions. a) Solvent: heptanoic acid. The displaced dimer motif is almost always present in
detriment of the head-to-head one. An exception is marked by the arrow. The inset highlights the two
different dimer motifs (not to the same scale as the image). b) Solvent: octanoic acid. The presence of
the head-to-head dimer becomes more prominent. c), Solvent: nonanoic acid. The head-to-head dimer
motif is more or less represented in equal amounts as the displaced one.

The solvent dependency that yields “displaced” or “head-to-head” cyclic H-bond motifs with

TCBPB has similarly been observed with MeCPEBA dissolved in fatty acids: In octanoic acid, only

the displaced motif was found, whereas in nonanoic acid, both motifs were observed.**®
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On the other hand, BTB, a smaller tricarboxylic acid with the same three-fold geometry,
yielded only the “head-to-head” O—H-~-O motif in comparable self-assembly studies."**" This can be
rationalized by its higher solubilities than TCBPB in the same fatty acid solvents. In these solvents, the
possibility BTB has to form O—H---O H-bonded cyclic dimers made via its carboxylic acid groups with
other BTB molecules while still in solution is higher due to these higher solubilities. For instance,
BTB in heptanoic acid at saturation concentration is 770 pM,” whereas TCBPB at saturation
concentration in the same fatty acid, 49.3 pM:* a ~15x factor difference. Hence, it could be possible
that two-fold O—H--O H-bonded cyclic BTB dimers adsorb directly from solution onto the substrate.
If more BTB dimers assemble to this arrangement, a nucleus forms. ™

Coming back to the case of TCBPB, when an alcohol is used as solvent, the displaced dimer
motif has never been observed, but only the head-to-head, as depicted in figure 3.5. Again, it can be
rationalized by the ability of the solvent to form O—H---O H-bonds with the adsorbate. Whereas it was
explained that fatty acids can form strong two-fold O—H:--O H-bonds with the solute, alcohols, on the
other hand, can only form one O—H:--O H-bond per molecule with the adsorbate. They are less strong
than those formed between fatty acids and TCBPB, and are also not reinforced by RAHB. So when
adsorbates reach the substrate, they are much less restricted to form two-fold O—H:-O H-bonds
between them. STM images of the corresponding structures are shown in figure 3.5 for 1-nonanol and
1-undecanol. This behavior was found to be independent of concentration.

Overall, this attempt to explain the formation of either displaced or head-to-head dimers does
not clarify completely the emergence of different polymorphs encountered here. The concentration is
also an important factor that can also define the most stable assembly. The next section deals with this

issue.

Figure 3.5. STM images of self-assembled TCBPB monolayers obtained at the solid-liquid interface
with different alcohols as solvents. a) In 1-nonanol at 50% saturation concentration and b) in 1-
undecanol at 100% saturation concentration. In both cases the head-to-head dimer motif is present, but
not the displaced dimer. The top left part in b) shows a structure with higher packing density that does
not possess any of the two H-bonded dimers described in figure 3.2 and 3.3.
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3.2.4 Concentration Effects

In the previous section it has been shown that the solvent has a direct influence on the self-
assembly. To complete the picture, the concentration of the solutes in solution has also been studied in
detail. The concentration has a pronounced effect on the 2D self-assembly. %73

In several different systems it has been observed that at the higher the concentration, the more
densely packed the self-assembled monolayer.”****! Self-assemblies of BTB% and TCBPB* in
heptanoic acid are along the lines of these observations. BTB exclusively assembles in the densely
packed row structure from a solution at 100% saturation concentration down to some point above 50%
saturation concentration. At 50% saturation, domains of this structure co-exist with domains of the less
dense chickenwire structure. The latter becomes the dominant structure when the solution becomes
more diluted. A similar behavior is observed with TCBPB in heptanoic acid. The concentration
dependence is summarized in figure 3.6 for the three polymorphs found. The corresponding STM
images are shown in figure 3.7. Models for each structure are given in figure 3.8.

Motivated by the two most common polymorphs found for the system TCBPB dissolved in
heptanoic acid, namely oblique-1 and displaced chickenwire, a step-by-step growth model of
ensembles that lead to the formation of either of both self-assembled monolayers is presented in
appendix 2. An ensemble is defined here as an aggregation of molecules with specific positioning
relative to each other, stabilized via the displaced H-bond motif (figure 3.3). An ensemble may grow
towards the formation of a stable nucleus. However, it is not yet defined as a stable nucleus.

This growth model allows a probabilistic interpretation at any formation step, of the relative
chances that any of the two polymorphs have to eventually yield a stable self-assembled monolayer.
The probabilistic relationships for ensembles made up of two up to five molecules (self-assembly
formation steps 1* to 4"™), are shown in table 3.2. In the first formation step (1 TCBPB + 1 TCBPB >
1 displaced dimer), the displaced dimer may be a starting point for any of the two polymorphs with a
1:1 chance (that is, with the same probability). This is because the displaced dimer is a common motif
of both polymorphs. The second formation step adds one TCBPB molecule to the dimer formed in the
first step. Taking this second step as a new starting point, the formation probabilities of both
polymorphs with respect to the previous step change. This idea can be extended by adding more
TCBPB molecules to the previous step, and evaluating the respective new formation probabilities. It
must be noted that this is a very simplistic interpretation of the events that lead to the formation of the
self-assemblies; however, it allows to pinpoint that, as more molecules attach to an existing ensemble,

oblique-I becomes the most probable polymorph to eventually self-assemble.
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Figure 3.6: Occurance of the various self-assembled monolayer phases of TCBPB in heptanoic acid
with respect to the saturation concentration. The darker the color, the larger the surface portion
covered by the respective phase. Image adapted from reference 96.

Figure 3.7: STM images at the solid-liquid interface of all three TCBPB monolayer polymorphs
found in heptanoic acid: a) oblique-I, b) displaced chickenwire (drift corrected), and c) oblique-II
intergrown with a single row of displaced chickenwire. Images taken from reference 96.
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Figure 3.8: Proposed models of the three polymorphs with unit cells indicated. The dotted rectangle
highlights the displaced TCBPB dimer motif. Dashed purple lines with arrows indicate the row
direction and the definition of the dimer axis, respectively. a) Top two rows: Oblique-I (a0 = 90°);
lower row: Oblique structure formed by two TCBPB molecules “head-to-head” O—H--O H-bonded, as
shown in figures 3.4 and 3.5. b) Oblique-11 (left hand side, o =~ 81°), and displaced chickenwire (right
hand side). Figure adapted from reference 96.
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Table 3.2: Relationships found among TCBPB ensembles at the 1%, 2", 3" and 4"
step of their formation. Only ensembles leading to the formation of oblique-I,
displaced chickenwire, or none of both were considered. See appendix 2.

Number Probabilistic relationships

Ensemble of Ensembles | Ensembles leading Ensembles
formation | molecules | - je44ing o to displaced unable to lead to

step involved oblique-I chickenwire any of both

1% 2 1 1 0

2" 3 2 0

3" 4 3 1 0.4

4" 5 4 1 2.3

By inspecting the ratio
ensembles leading tooblique

ensembles leading todisplaced chickenwire

from table 3.2 at every formation step, it is observed that for N molecules self-assembling in a

stepwise fashion (i.e. one-by-one) this ratio can be expressed by the following rule:

ensembles leading tooblique _ (n _1) 1 (3.8)

(n —1)th ensemble formation step = - - - -
ensemble leading todisp.chickenwire
It is valid for n>1, and confirmed for integer values up to n=5 (4" formation step). This
confirmation does not imply that this rule ceases to successful predict the relationship at steps higher
or lower than those shown.

The preeminence observed in the growth model for ensembles leading to oblique-I at every
successive formation step can be interpreted at the molecular level. This dominance of oblique-I can
be understood by the flexibility of the configurations of its ensembles. These configurations can be
compressed, achieving more densely packed structures, as compared to displaced chickenwire. They
will be eventually stabilized by a higher number of H-bonds with higher energy than those in
displaced chickenwire. By the same thinking, if ensembles leading to oblique-I cannot be compressed
and stabilized, only the remaining ensembles, those leading to the less dense displaced chickenwire,
are able to eventually nucleate.

The probabilistic interpretation above would indicate that oblique-1 would be the overall
dominant structure. In fact, it is the structure assembling in the widest concentration ranges in
heptanoic acid, from 100% saturation concentration down to even 3% saturation (figure 3.6).
However, when thermodynamics is taken into account, it is possible to explain why not only oblique-I,

but other structures can emerge.
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The experimental evidence shows the predominance of self-assembly phases with higher
packing densities at higher solute concentrations. This can be explained by thermodynamics, which
suggests that the free energy difference between self-assembled structures determines the prevalence
of any one polymorph at a given concentration."®*** However, a kinetic process may be in control of
the self-assembly. A model for a possible kinetic influence on structure selection will be explained in
the following.

When a solution is applied on a substrate, a flux F of adsorbates impinges on the surface. This
flux is controlled by the gradient of the concentration perpendicular to the substrate. It is directly
proportional to the concentration gradient c/0z of the adsorbates in the solution,” as shown in
equation 3.8:

g
oz

where C is the concentration of adsorbate molecules in solution, d is the bulk diffusivity in solution

F= (3.9)

and z the spatial coordinate perpendicular to the substrate. oc/0z becomes zero when the
thermodynamical equilibrium is reached, i.e. when the monolayer growth is completed. Not all
molecules colliding with the substrate readily adsorb on it, and those who readily adsorb increase the
concentration of adsorbates on the substrate. Hence, the flux F must be proportionally scaled down
by a numerical factor K <1 to obtain the actual adsorbtion rate. This rate, again, builds up the
concentration € of adsorbates on the substrate. & can be calculated at any given moment by the
following equation:

o-K.4.% (3.10)
0z

The value of @ increases over time as more molecules from solution adsorb on the substrate
building the self-assembled monolayer. Thus € is a function dependent on time t. An average value
of @ can be calculated for the time interval of the self-assembly formation. The following equation
gives this average value, é(t) :

— 1 t
00 =| — | j o(t) dt -
f 0 t,

where t, can be defined as the time when adsorbates start to impinge at the surface, t, may be taken
as the time when the self-assembly formation ends, i.e. when a stable monolayer has been formed

(t; >t,). Inthis way, an average value of the concentration of the adsorbates on the substrate during

the time span of monolayer self-assembly can be calculated. é(t) can be evaluated for different values
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of C; however, for different systems, physical comparable results can be obtained provided the

considered t, and t, are the same.

5(t) is a helpful value to calculate the mean distance that an adsorbate can travel on the

substrate, until a stable structure is formed. To this end, the mean free path formula for molecules in
an ideal gas is adapted for this 2D situation as follows:
- 1
()= —=—
, 3.12
4-1-6(t) 3.12)

where Z(t) can be defined as the 2D mean free path on a substrate. As it can be observed, the

concentration 5(t) has an inverse proportional effect on Z(t). Hence, lower initial concentrations in

solution facilitate longer 2D mean free paths for the adsorbates on the substrate than at higher

concentrations.
Two extreme cases can be analyzed: At high initial ¢ (short Z(t) ), the initial arrangements of

adsorbates will promptly be stabilized due to fast adsorption and consequent reduction of the available
space. These arrangements will likely tend to pack even tighter, forming a nucleus that will favor the
growth of thermodynamically metastable polymorphs with higher packing densities. On the other

hand, at low initial ¢ (long Z(t) ), the arrangements of adsorbates that first form have enough time and

space to rearrange and explore other possible and more stable molecular configurations before a
nucleus is created. This will promote the growth of polymorphs with lower packing densities and
possibly higher stabilities. Thus, the higher the solution concentration, the higher the chances that a
structure with high packing density forms, and vice versa.

The importance of the available free space for the adsorbates to arrange, rearrange and
nucleate, is well represented in the value of Z(t), the 2D mean free path on a substrate. However, not
only kinetics, but thermodynamics play a role in determining which polymorph will self-assemble on a

substrate. Ultimately, no self-assembled polymorph can form if it is not thermodynamically stable

under the respective conditions.

For the case of TCBPB self-assembling on HOPG, a structure with a low packing density is
enthalpically favored over an assembly with a high packing density from the point of view of a single
molecule."®® AH values for four different conceivable assemblies of TCBPB were calculated by
taking into account the adsorbate-substrate and the adsorbate-adsorbate interactions of single TCBPB.
These values are listed in table 3.3. Details of these calculations can be found in reference 96. It can be
seen that ideal chickenwire possess the most favorable AH . However, taking into account the unit

cell area (Ah = AH/ (unit area)), oblique-1 becomes the most favored assembly. In the same way, the
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entropic contributions at different concentrations have been evaluated using equation 3.8 for each
polymorph and normalized by their respective unit area (As = AS/(unit area)). When these values are
multiplied by the actual temperature (300 K), the -TAs value for each polymorph gives a very good
idea of the entropic penalty that each structure has to overcome to self-assemble from solution. It is
high at higher concentrations, and vice versa; hence it is the highest for oblique-I, and the lowest for
ideal chickenwire, from the point of view of the packing densities. Ah and As add up to give the total
Gibbs free energy gain per unit area. These values show that an assembly with a high packing density
is favored over one with low packing density. This is presented again in table 3.3 for two different
concentrations.

The co-existence of more than one polymorph indicates that the Gibbs free energies of those
structures are of comparable magnitude. The coexistence of two polymorphs is observed in the system
TCBPB in heptanoic acid at concentrations below 7.5% saturation (figure 3.6), and at 100% saturation
when TCBPB is dissolved in 1-undecanol (figure 3.5b). The values presented in table 3.3 for Ag at 4%
saturation for the four polymorphs show a relatively small difference between displaced chickenwire

and oblique-I, thereby justifying this statement.

Table 3.3: Comparison of several calculated values of the three experimentally observed polymorphs
of TCBPB in heptanoic acid and of one hypothetical polymorph at two different concentrations. Bold
numbers highlight the energetically most favorable values; italics, the least favorable ones.

Ah = AH/ (unit area); As = AS/(unit area); Ag = Ah — TAs.

Structure
Oblique-| Obligue-II cr[;flgt:?\i\?i?e chicllfgr?\llvire
Total AH per molecule [kJ mol™] -418.4 -415 -410 -482
Packing density [10* cm™] 0.22 0.22 0.15 0.10
Ah [uJ cm™] -15.28 -15.16 -10.21 -8.00
-TAs [pJ em™], saturated +4.22 +4.22 +2.88 +1.92
-TAs [uJ cm®], @4% saturation +4.52 +4.52 +3.08 +2.05
Ag [T cm™], saturated -11.06 -10.94 -7.33 -6.08
Ag [1J em™], @4% saturation -10.77 -10.64 -7.13 -5.95

Experimentally, oblique-Il is found only in conjunction with the displaced chickenwire
assembly, hinting towards a complete dependence of the former on the previous formation of the
latter. This means that displaced chickenwire serves as a nucleating agent for oblique-11. This could be
explained in the following way: Once displaced chickenwire has nucleated, the higher Ag of oblique-
11, as compared to that of displaced chickenwire (see table 3.3) dominates and hence this polymorph is

formed, thereby hampering the formation of more displaced chickenwire. This suggests oblique-II is
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meta-stable at concentrations higher than 7.5% saturation. The experimental evidence also reveals the
growth direction of oblique-Il, which is almost perpendicular (& = 81°) to a straight row of displaced
chickenwire. This is highlighted by the arrow in figure 3.8b. No parallel row of oblique-Il was ever
observed without the presence of displaced chickenwire at one of its ends. So oblique-II relies on

displaced chickenwire for both nucleation and as growth template.

The displaced chickenwire assembly is exclusively found with TCBPB dissolved in heptanoic
acid at concentrations of 7.5% saturation or below, and has never been found in octanoic or nonanoic
acid, or in alcohols like 1-nonanol and 1-undecanol. Further conclusions based on this result imply
that upon dilution, a different structure is not necessarily formed. For instance, TCBPB dissolved in
nonanoic acid always yields the same mixture of rows that consist of head-to-head or displaced H-
bonded dimers regardless of the concentration, down to 10% saturation; below this concentration no
stable monolayer could be found anymore. The same is true in 1-undecanol, where three different
polymorphs were observed: a disordered one,® and the two structures shown in figure 3.5b. In this
case, no clear concentration dependency down to 35% saturation was found. Below this threshold
concentration, again, no stable monolayer could be found anymore on the substrate.

These experimental findings demonstrate the solvents’ ability to stabilize different self-
assembly phases. It also asserts the fact that the parameters affecting supramolecular self-assembly
cannot be regarded as working independently. Only heptanoic acid can yield the two less dense
assemblies (oblique-1l and displaced chickenwire) at low concentrations, whereas only 1-undecanol
can form the densest assembly found so far for TCBPB (figure 3.5b). These findings, or in this case,
lack thereof, confirm again the dependency of oblique-1l on the previous nucleation of displaced

chickenwire.

3.2.5 Guest Molecules

2D open-pore networks are excellently suited to host guest molecules in their pores.®*%

However, if an adsorbate does not yield a porous, but a densely packed network, the presence of
potential would-be guests can induce structural changes in the self-assembly. Thereby, pores can be
created, acting as suitable hosts where the guests are then allocated.***3

For instance, a transformation of a self-assembled monolayer from a densely packed (figure
3.9a) into a porous, occupied network has been observed (figure 3.9b), when a drop of coronene
dissolved in heptanoic acid was added to a structure previously self-assembled from saturated BTB
solution in heptanoic acid. The concentration of the solution containing coronene can range from

100% saturation down to 10% saturation. The densely packed row structure found before the coronene
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guests were added is transformed into an open-pore chickenwire assembly, where the pores are filled
by the guests. The exact number of coronene molecules inside the pores cannot be deduced from the
STM images. Geometrically, it is possible to accommodate up to four planarly adsorbed coronene
molecules per pore, as shown in figure 3.9c. Later molecular dynamics studies showed the ejection of
one of these four BTB molecules from the pore. This result was then rationalized with
thermodynamics. Having three coronene molecules per pore increases the adsorbate-substrate
interaction per coronene molecule, as compared to having four molecules per pore. Entropically, three
coronene molecules inside a pore increase the degrees of freedom of each one, as compared with

four. ™

Figure 3.9: STM images of BTB dissolved in heptanoic acid obtained at the solid-liquid interface at
ambient conditions. a) At 100% saturation concentration; b) after adding a drop of a solution of
coronene in heptanoic acid at 100% saturation concentration. A transformation of the densely packed
polymorph is observed, yielding an open-pore network, whose pores can be occupied by up to 4
coronene molecules, as schematized in c).

3.3 Summary

Liquid-solid supramolecular self-assembly is a process in which the adsorbates are in dynamic
equilibrium with the molecules in the supernatant solution. This equilibrium is facilitated by reversible
intermolecular bonds, like hydrogen bonds, permitting structural error correction. The ability to heal
structural errors readily yields assemblies that are almost defect-free. In this way, surface patterning
and functionalization can be easily achieved. However, these same bonds that hold these networks of
adsorbates together are not strong enough for some applications. Hence, such networks cannot resist
harsh environments, for instance, long thermal exposures. This problem, namely the formation of
regular networks interconnected with strong bonds, will be tackled in the next chapter.

Judicious knowledge of the factors that control and influence self-assembly makes it possible
to steer the process of polymorph selection. Internal factors, like molecular geometry and functional
groups already encode some information regarding the possible self-assembly final structures.
Although important, those aforementioned factors can be influenced externally by the type of solvent

used to dissolve the molecules and their concentrations in these solvents, which were the main topics
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discussed during this chapter. There are other factors as well, like temperature® and type of substrate
that also compete and drive the molecular building blocks to self-assemble into a given final
polymorph.

The main goal of the above mentioned factors is the understanding and realization of
supramolecular self-assembled monolayers with final structures designed in advance, without the need
of extensive experimentation, or even without any experimental procedure at all. In particular, this
knowledge will facilitate the formation of long-range ordered open-pore networks. These could be

132138 a5 chemical nanoflasks for chemical reactions,™ or for organic

used as hosts for guest molecules,
electronics. Along these lines, TCBPB is a molecule with a suitable geometry to assemble into open-
pore polymorphs, as are the structurally similar tricarboxylic acids, MeCPEBA, BTB and TMA, that

were designed to form chickenwire networks with tunable pore size.

48



A

Covalent Bond Formation on Surfaces

Covalent Organic Frameworks (COF) are a class of crystalline materials built from light
elements (H, B, C, N, O), and interlinked by strong intermolecular bonds. These materials possess
long-range order, as well as a strong and rigid structure. For their synthesis, a balance of kinetic and
thermodynamic factors is needed, promoting reversible bond formation.™

Bulk COFs were synthesized for the first time by Yaghi and co-workers® in the year 2005. In
a one-step reaction, layered crystals composed of planar and porous covalent sheets were produced
(graphite-like structure). Covalent bonds within the sheets strongly interconnect individual atoms,
while long-range order is maintained; however, only weak forces, like van der Waals interactions, hold
the sheets together. Some years later, again Yaghi and co-workers succeeded in producing a crystal
composed entirely of covalent bonds.*®

The layered morphology of the first COFs, along with its regular arrangement of cavities,
inspired a research interest to synthesize single 2D layers comprised only of covalently linked atoms.
These monolayers are in a sense similar to porous self-assemblies (chapter 3), while the covalent
interlinks add interesting properties like high temperature resistance and rigidity. The first surface-
supported systems resulted in short-range order monolayers or small domains.”**'* Later, these

141

systems were successfully extended to almost completely cover their supporting substrate;™" and

recently, they were grown as thin films of several monolayers height.*®
4.1 Synthesis of Surface-Supported 2D COFs

Reticular chemistry, the strategy used to purposely form 3D COFs, can also successfully be
applied to the synthesis of surface-supported 2D COFs. Extended and regular networks can be formed
with starting materials that are rigid, thus maintaining their structural integrity throughout the reaction
process. These starting materials are functionalized with specifically selected chemical groups, which
can form extended structures held together by strong covalent bonds.*** Long-range ordered structures
can be achieved if the bond formation is reversible in nature, maintaining desired attributes of self-
assembly, like the ability to dynamically self-repair. For this purpose, the reaction conditions are
controlled to promote the formation of reversible bonds. In this way, the formation of
thermodynamically favored arrangements is promoted.'*®

The synthesis of surface-supported 2D COFs can be classified as a polymerization process.
The monomers, or in this case “adsorbates”, react to form one-dimensional chains or two-dimensional

networks. If the chains or networks contain more than 1000 monomers, they can be designated as
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“polymers”. Typically, the 2D polymerization is initiated by heat, UV radiation, starter molecules or
an electric pulse. The reaction terminates when no free monomers exist anymore.

Among the principles described before, the first method that yielded covalently interlinked
surface-supported structures was the application of electric pulses on a STM tip, promoting the local
polymerization of previously self-assembled monolayers.'****" Although very regular domains were
formed by this method, it is not suitable for large-scale applications. Other methods applied heat to the
self-assembled structure or irradiated it with UV light, readily yielding covalent interlinked building
blocks. The main limitations of these last two methods were the degradation of the adsorbates, the
difficulty in limiting defect formation caused by very fast radical reactions, and last but not least, the
irreversibility of some processes imposed by Ultra High Vacuum (UHV) conditions, due to complete
desorption of molecules from the substrate.****® Here, only relatively small, and sometimes isolated,
domains of no more than a few nanometers length of the desired polymers were
Synthesized.139,140,149,150

These limitations can be overcome by selecting molecules with functional groups that show
the required attributes, and by inducing their reaction under reversible conditions, as stated before.
Boronic acid and diols are prototypical functional groups that possess the aforementioned attributes.
When three boronic acid molecules react with themselves, they yield a planar boroxine ring, releasing
water in the process. When one diboronic acid reacts with a diol, it forms a planar boronate ester
linkage, with water as a by-product. To illustrate these reactions, the self-condensation of 1,4-
benzenediboronic acid (BDBA), and the formation of the ester bond with 2, 3, 6, 7, 10, 11-
hexahydroxytriphenylene (HHTP), are shown in figure 4.1. The geometrical representations of the
reaction products in figure 4.1 show the thermodynamically most favorable configuration.'**
Because no steric hindrance arises between the boroxine ring or the ester linkage and the molecular
backbones, the resulting condensed and larger molecule are essentially planar. Supplying di- or
multitopic molecules, possessing two or more of the previously mentioned functional groups in
adequate arrangements, will enable the reaction to continue practically indefinitely, thereby forming
chains and eventually planar sheets, as illustrated in figure 4.2 for BDBA.

“Condensation polymerization” is the term that best describes the above mentioned reactions.
In this type of polymerization, a condensation product is released, typically a small molecule as water,
as is the case here. This model is also valid for other molecules that are functionalized with the
aforementioned functional groups, and specifically, for the work carried out in this thesis.

Other functional groups yielding reversible bonds that could be employed successfully to
synthesize COFs in reversible reactions are aldehyde (—CHO) and amine (—NH;). Molecules that
incorporate these groups could eventually condense to form an imine bond (—CH=N-), whereby one
water molecule is released.”

BDBA and HHTP were the first monomers ever used to produce bulk COFs.™>*** However,

the catalog of COFs has been steadily expanded by altering the topology and backbones of the
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monomers. In this way, many different layered bulk COFs were synthesized, mainly using boronic

153-157 158

acid functional groups, and seldomly using others, like nitrile™ or terephthalohydrazide +
triformyl monomers.**® Because the chemical reactions detailed in figure 4.1 can only yield 2D planar
sheets, as represented in figure 4.2 for BDBA, realization of single surface-supported monolayers must
be thermodynamically feasible. Therefore, these same functional groups and monomers are used here

to achieve this goal.
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Figure 4.1: Condensation reaction schemes. a) Formation of a boroxine ring (highlighted in green),
starting with three BDBA. In the process three water molecules are released, highlighted in light-blue.
b) Formation of a boronate ester (highlighted in red) between one BDBA and one diol (HHTP),
releasing two water molecules. Under reversible conditions, the geometric configurations adopted are
the energetically preferred. They are shown here for both final products.

4.2 Molecular Precursors

Linear ditopic diboronic acid precursors with D,, symmetry and one three-fold symmetric
diol, as depicted in figure 4.3, were used for the synthesis of fully reticulated surface-supported 2D
COFs. All precursors possess a rigid and stable aromatic backbone, preventing the degradation of the
molecules under the reaction conditions. A prototypical rigid and very stable molecule is benzene.*®
Hence, structural backbones are preferably made of one or more phenyl rings, o-bonded or fused. All
linear diboronic acids were polymerized by self-condensation, while HHTP (V1) was reacted only

with BDBA (1). The cavity sizes of the 2D COFs depended directly on the molecular precursors used.
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Figure 4.2: Stepwise reactions of BDBA to grow extended planar COF sheets. Reaction intermediates
consist of linear chains or small domains. However, those eventually condense and yield planar layers.
These reaction steps are also valid for other molecules functionalized with boronic acid and alcohol
groups, as long as the reaction proceeds under reversible conditions.

Color code: C = grey; H = white; O =red, B = pink.
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Figure 4.3: Molecular building blocks used to synthesize 2D COFs. 1): 1,4- benzenediboronic acid
(BDBA); 11): biphenyldiboronic acid; 111): terphenyldiboronic acid; 1V): quaterphenyldiboronic acid;
V): 2,7- pyrenediboronic acid; VI): 2, 3, 6, 7, 10, 11-hexahydroxytriphenylene (HHTP).

4.3 Synthesis of Well-Ordered COF Monolayers from BDBA

To synthesize 2D COF monolayers from BDBA (1) monomers, two different approaches were
followed: In the first one, COF precursors were prepolymerized into bulk nanocrystals, which were
then post-processed on a HOPG surface. In the second approach, on-surface polymerization of BDBA
on HOPG was directly achieved, resulting in a straightforward method for routine 2D COF
preparation. Both methods are briefly explained in the following. More detailed information can be

found in reference 161.
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4.3.1 Synthesis Through Pre-Polymerization of Precursors

The synthesis of crystalline precursors, or “precursor-COFs”, enables the in-depth
understanding of the polymerization process. For this aim, pre-polymerization of BDBA was achieved
in an oven at 250°C for 2 h under the presence of water to assure reversible conditions. This treatment
readily yields nanocrystalline precursors-COFs.*®* The precipitate was dispersed in fatty acids and
deposited via drop-casting onto HOPG, readily adsorbing on the substrate. Stabilization on the
substrate of the precursor-COFs was enhanced by their increased surface areas, as compared to single
BDBA molecules. The ambient STM shows small domains of ~10 nm in length adsorbed on the
HOPG substrate, as depicted in figure 4.4. The 2D FFT shown in the inset in figure 4.4b demonstrates
the hexagonal symmetry of the nanocrystals, proving the formation of small single sheets of COF-1.

Lattice parameters are given in table 4.1.

- ” . L o g .

Figure 4.4: STM images of precursor-COFs on HOPG prepared by drop-casting. a) Chains that
represent fragments of the COF-1 in-plane structure (a representative example is highlighted by the
ellipse), as proposed in figure 4.2. b) 2D domains, with lateral extensions of typically < 10 nm and
internal hexagonal structure. The inset depicts the 2D FFT of the STM image. Both samples were
prepared using heptanoic acid. The STM images were acquired at the liquid-solid interface with the tip
immersed into the liquid. Most domains have similar azimuthal orientations, an example for an
occasionally observed exception is marked by dashed lines. Images taken from reference 161.

Further proof of the formation of precursors-COF nanocrystals is independently provided by
powder X-ray diffraction (PXRD), and infra red (IR) and Raman spectroscopy.

The PXRD diffractogram (Mo-Ka,) gives broad peaks that originate from the finite precursor-
COF nanocrystal sizes. I # 0 reflections indicate stacking in the [001] direction, with a layer separation
of 0.335 nm. Using the Rietveld refinement via the line-broadening model based on the Scherrer
equation, the average crystal size was estimated to amount to ~8 nm in lateral direction, and 1.0 nm

along the [001] axis (~3 layers’ thickness).'®* The lateral direction estimated with the Rietveld
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refinement is in good agreement with the lateral extension of the 2D COF domains imaged with the
ambient STM using precursor-COFs dispersed in fatty acids.

IR and Raman also proved the expected reversibility of the boroxine ring formation reaction
by comparing the spectra of the precursor-COFs, unreacted BDBA molecules, and precursor-COFs
slowly rehydrolized in water, respectively. Only the spectra of precursor-COFs show the characteristic
signature of boroxine rings, accompanied by the almost complete vanishing of the characteristic peaks
belonging to boronic acid. This last described situation was effectively reversed when the precursor-
COFs were rehydrolized, reproducing again the spectra of unreacted BDBA.**

The powder X-ray diffractogram can be found in figure 4.5, and the IR and Raman spectra, in
figure 4.6.
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Figure 4.5: a) Powder X-ray diffractogram (Mo-Ka;) of thermally treated BDBA, i.e. pre-
polymerization into precursor-COFs (blue curve) b) Simulated curve of a) based on the previously
published COF-1 crystal structure (black curve)™. The Rietveld refinement allows to estimate a
precursor-COF crystal size of 7.8 nm in lateral direction and 1.0 nm along the [001] axis (Chi® =
3.145).1%21%3 ¢y Difference curve between measured and simulated curve, i.e. (a) — (b). Image taken
from reference 161.

The drop-cast precursor-COFs on HOPG were post-processed to induce ripening and increase
the domain size. First, precursor-COFs were drop-cast using polar (heptanoic acid, nonanoic acid and
1-undecanol) and non-polar (dodecane) solvents. Then, the crystals were positioned inside a partially
open reactor containing 50 to 100 pL of water. It was then put inside a pre-heated oven at 120°C for 1
hour. The reactor valves were left deliberately slightly open to allow water vapor to leave, ensuring an
almost constant atmospheric pressure during the process. After this procedure, the reactor was allowed
to cool down for 30 minutes, and the solvent-free HOPG substrates were imaged again with the
ambient STM. The images shown in figure 4.7 confirm the ripening of precursor-COFs into larger 2D

COF domains. Although the images presented were obtained using nonanoic acid as a solvent (or
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dispersion agent), similar data was obtained alternatively using the aforementioned solvents. The line

profile in Figures 4.7 proves the formation of one single monolayer of COF-1.
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Figure 4.6: For both images: a) Untreated BDBA starting material (red curve); b) after thermal
treatment, i.e. pre-polymerized into precursor-COFs (blue curve); c) after re-hydrolysis and re-
crystallisation of b) from H,O (green curve). LEFT: Infrared spectra. The absorption maxima in the
IR spectra of thermally treated samples b) at 701 cm™ and 1605 cm™ were also found for
solvothermally synthesized COF-1, and indicate the presence of boroxine rings."> RIGHT: Raman
spectra. The modes at ~1097 cm™ and at ~1378 cm™ are only observed for untreated a) and re-
hydrolyzed ¢) BDBA and can be attributed to a B-O-H rocking mode and B-O stretching vibrations of
the free boronic acid groups, respectively.'® Images taken from reference 161.

distance / nm

Figure 4.7: a) STM image of an extended 2D COF-1 monolayer acquired under dry conditions. The
sample was prepared by deposition of precursor-COFs from nonanoic acid and post-processed inside a
reactor. The inset depicts the corresponding 2D FFT of the image. The domain size is greatly
increased as compared to the precursor-COF monolayer, and all domains in this image have similar
azimuthal orientation. Point defects, like missing monomers can be discerned with low density. The
STM contrast also exhibits a non-periodic height modulation. b) High resolution STM image of a 2D
COF-1 monolayer on HOPG prepared similar as the sample in a) but using heptanoic acid. Again,
point defects like missing monomers can be discerned, a prominent example is marked by the dashed
circle. ¢) Line-profile along the blue line indicated in b). The apparent height of the COF monolayer
with respect to the uncovered substrate of ~ 0.30 nm indicates monolayer thickness and the lattice
parameter corresponds to 1.4 + 0.1 nm. Images taken from reference 161.
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The thermal stability of the surface-supported post-processed 2D COF-1 was probed by
exposing them for 14 hours at 200°C under ambient conditions. STM analysis of these samples
showed only some degradation of the monolayers. This proves that the 2D COF monolayers stay
largely intact. If these monolayers were stabilized only by H-bonds and van der Waals interactions, as
typical for self-assembled monolayers (chapter 3), this thermal exposure would have lead to their
disintegration. To confirm this hypothesis, a self-assembled monolayer, a known system consisting of
TMA dissolved in nonanoic acid was tested on HOPG." Exposure of this system to the same
temperature (200°C) but only for 1 hour, resulted in the complete desorption of the monolayer.

Additional evidence for the formation of 2D COF-1 is provided by comparing Xx-ray
photoelectron spectra (XPS). These were acquired from a thick film of unreacted BDBA (>100nm)
deposited on HOPG by vacuum sublimation and from a post-processed 2D COF-1 monolayer. Spectra
are shown in figure 4.8. Comparison of the core level binding energy for Ols, B1s and C1s shows a
shift in this energy of O1s from 533.5 eV for unreacted BDBA to 533.0 eV for the COF-1 monolayer.
This slight shift towards lower binding energy for COF-1 reveals the change in the oxygen chemical
environment when a boroxine ring is formed. This is because in the boronic acid group, O is attached
to one H and one B, and in the boroxine ring, O is attached to two B. The electronegativity difference
of Hand B (H = 2.20, B = 2.04 on the Pauling scale) results in more negative charge in the O atoms in
boroxine rings than in boronic acids. Consequently this shows that covalent bonds and hence the 2D
COF-1 are formed. No significant change in the B1ls and C1s energies are observed, because their
direct binding environments do not change in the polymerization reaction. Further information can be

found in reference 161.
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Figure 4.8: XPS measurements of the B1s, C1s, and O1s core level binding energies in a thick BDBA
film on HOPG (red) and a 2D COF-1 monolayer on HOPG (blue). O1s spectra of the polymerized 2D
COF-1 monolayer exhibit a slight shift to lower binding energy as compared to the film of unreacted
BDBA molecules. This can be explained by the change of the oxygen chemical environment from B-
O-H in the boronic acid group to B-O-B in the boroxine ring upon condensation. Both the Bls and
C1s spectra do not exhibit any significant shifts, because their direct chemical environments are
unaffected by the condensation reaction. The high intensity of C1s in the COF-1 monolayer sample
originates from the HOPG substrate. Image taken from reference 161.
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4.3.2 Synthesis via Direct On-Surface Polymerization

Although the realization of 2D COF-1 monolayers via precursor-COFs is possible and gives
valuable information regarding the independent proof of the boroxine ring formation or the
reversibility of the process, a more direct and simple synthesis is desirable. To this end, supersaturated
solutions containing the precursor BDBA molecules were prepared. Solvents used were the same polar
and non-polar ones described above. The supersaturated solutions were deposited directly on the
HOPG surface and thermally treated in an oven inside the reactor with the same parameters used to
post-process precursor-COFs. STM images obtained from the resulting monolayers were
indistinguishable from those prepared through precursor-COFs. Here, a delicate solution concentration
balance is essential: On the one side, an excessive supersaturated solution results in a thin insulating
film preventing tunneling electrons to flow and hence hampering STM image acquisition. On the other
hand, a too diluted solution fails to yield stable monolayers, because these solvents are not able to
dissolve enough molecular precursors in order to prevent their complete desorption during
polymerization. The choice of solvent does not notably influence the final lateral extension or amount
of defects in the 2D COF domains, hinting to a minor solvent influence in this more direct synthetic

route.

4.4 Synthesis of Isoreticular 2D COFs

The more direct synthetic route explained in section 4.3.2 allows a simple and fast preparation
of 2D COFs. This straightforward method was used to form isoreticular 2D COFs with molecular
precursors 11 — V. Their organic backbones consist of c-bonded phenyl rings that retain the D,
symmetry, as BDBA, yielding regular 2D COFs with increasing hexagonal cavity sizes. Both the

185 v/ was

lattice parameter and cavity size increased, depending on the precursor used (figure 4.3).
selected to demonstrate that modifying the type and character of the molecular backbone also yields a
2D COF with similar regular hexagonal cavities.'®® This is because the backbone of V consists of a
pyrene chemical group composed of fused phenyl rings, as compared to the c-bonded phenyl rings of
Il — 1V. Calculated (using MM) and experimental lattice parameters are listed in Table 4.1. STM
images of the networks attained using molecules 11 —V are depicted in Figure 4.9.

Molecules I1, 111 and V yielded regular 2D COF domains of at least 100 x 100 nm? area,
achieving almost complete surface coverage. However, 2D COFs of IV only partially covered the
substrate. In the areas that are not covered by this COF, disordered arrangements of adsorbed IV
molecules were usually found. This observation can be explained in terms of monomer size: 1V has
the largest size of all diboronic acids presented. Thus, it can be inferred that its lateral mobility along
the surface is hampered by a large adsorption energy and by a large influence exerted by the

corrugation of the surface potential.">!%¢'% Hence, this prevents a portion of the already adsorbed
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molecules to approach close enough to each other to react. This experimental observation made for 1V
suggests that large diboronic acid molecules must adsorb first on the substrate, and self-condense on it
at a later stage. This condensation reaction on the substrate may be initiated by a rise in the
temperature. (See section 4.5.)

In some areas, molecule V yielded bilayers of the COF, as shown in figure 4.9g. These layers
are stacked in an eclipsed fashion, as already observed in COF bulk crystal synthesized from the same
monomer.™ This behavior can be rationalized by means of a high n-r interaction arising between
pyrene backbones via its delocalized n-electrons. These enhanced interlayer bonds stabilize such an

arrangement.

Figure 4.9: Ambient STM images of surface-supported 2D COFs obtained from self-condensation of:
a, b) II; ¢, d) Il1; e, f) 1V; g, h) V. The respective monomers are shown in the insets. Image adapted
from reference 165.

Table 4.1: Summarized experimental and MM (Dreiding) derived lattice parameters for all
2D COFs. 1 + V1 is listed here for the sake of completeness.

building | _€xperimental lattice parameters Forcefield derived lattice paramete.rs
Podks | aem) | bem | ve) | aem) | bem) | ve) | P
| 14+01 | 14+01 60.0+3 15 15 60 1.0
I 21+03 | 21+02 | 589+4 2.3 2.3 60 1.6
i 29+02 | 29+0.2 | 575+3 3.0 3.0 60 2.4
v 35+03 | 3.6+x03 | 6205 3.8 3.8 60 3.2
\Y 21+01 | 21+01 | 589%2 2.3 2.3 60 1.4
I +VI 27+03 | 27+03 | 57.1%4 3.0 3.0 60 2.4
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4.5 Activation Temperature for Self-Condensation

Although the molecules | — V posses the same boronic acid functional groups in the same
para-orientation, the activation temperature for the formation of the respective 2D COF monolayers
via self-condensation is not necessarily the same. To determine their respective activation
temperatures, the molecules were dissolved/suspended in heptanoic acid and drop-cast on HOPG, as
explained in section 4.3.2. Then, these systems were thermally treated inside a pre-heated oven for 30
minutes. The temperature of the oven was varied in successive experimental trials. Because not all
possible temperatures can be probed, the exact activation temperatures lie in the ranges listed in table
4.2.

Table 4.2: On-surface activation temperature ranges of molecules | — V to form 2D COFs. If no
activation was found at or below 70°C, the activation temperature lies between this number and
107°C, the highest temperature measured inside the reactor. The lowest temperature given is 25°C,
the usual ambient temperature in the laboratory.

Building
block
Activation
Temperature | 25>T >50 | 33>T =250 | 50>T >70 | 70>T >107 | 70>T > 107
range [°C]

I 1 i v \Y

The activation temperature found for the monolayer formation of BDBA differs from that
observed using Thermal Gravimetric Analysis (TGA) of bulk BDBA: Here the condensation starts at
~150°C, at least ~100°C above the experimentally temperature found for the initiation of on-surface
condensation.**"'** This difference can be explained in part by the known spontaneous dehydration of
boronic acids that can occur already at room temperature.'®® At temperatures that are somewhat higher
than ambient temperatures (50 — 70°C), this spontaneous reaction becomes vastly accelerated. The
substrate may also play a role in promoting the condensation reaction by lowering the activation
energy barrier.'*® Hence, temperatures inside the reactor of ~110°C during thermal treatments are
more than sufficient for | — V to yield COF monolayers.

An important result also found during these experiments is that at or below 70°C, molecules |
— 111 already form small to medium-sized 2D COF domains, whereas 1V and V never formed any
observable 2D COF at these temperatures. However, extended monolayers for 1 — 111 were never
observed under these reaction conditions outside the reactor. Hence, extended monolayers can only be
formed at higher temperatures (above 100°C) and in the presence of a humid atmosphere assuring

reaction reversibility.'®
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4.6 From Supramolecular Self-Assembly to 2D COF

Boronic acids are known to form hydrogen-bonded self-assembled structures.*” One example
thereof is self-assembly of BDBA on KCI(001).'"* Similarly, in the bulk, the crystalline structure of
BDBA is known to form H-bonds between individual molecules.'™

It has already been experimentally observed, that a previous step in the realization of
covalently-interlinked monolayers is non-covalent self assembly of its molecular building
blocks, 123139146 148.173.17% o the formation of protopolymers on a substrate.****”® Pre-arrangements of
precursor structures via the two ways mentioned before could facilitate covalent bond formation
between them in a following reaction step. This is because the molecules lie in close proximity to each
other, and because their functional groups attain the required steric orientation.

Studies of the formation of 2D COFs on HOPG using | — V presented also several well-suited
opportunities to investigate the supramolecular self-assembly of these same molecular precursor. It
was found that in the cases of | and Il dissolved in fatty acids, no supramolecular self-assembly was
ever imaged at the solid-liquid interface by means of ambient STM. Either their small adsorption
energies, as a consequence of their small size, prevent altogether the stable adsorption on HOPG, or
this preceding step is very short-lived, leading rapidly to the formation of more stable 2D COFs at
higher temperatures. However, with 11l and 1V, self-assembled structures were easily observed at
temperatures lower than those needed for the polymerization into 2D COFs. A case in point is
molecule 111, for which supramolecular self-assemblies and 2D COF domains coexist very close to
each other after a 30 minutes treatment at 70°C, or after a thermal treatment inside the reactor at

120°C using dodecane as solvent.'®

According to the experimental STM observations, the proposed
self-assembly configuration of 111 brings the boronic acid moieties very close together to one another,
as depicted in figure 4.10. Then, upon heating up gently the entire system, the condensation, i.e.
boroxine formation is activated, yielding 2D COFs. Here, desorption of some 111 molecules from the
substrate is necessary to provide enough space for the less dense open-pore network of the COF. In the
case of V, a well ordered self-assembly of these molecules dissolved in heptanoic acid was never
found; instead, only short-range ordered arrangements of adsorbed molecules could be imaged. These
arrangement were never experimentally observed to reorganize into a long-range ordered self-
assembly, even when heating at 70°C for 1 h.*®®

The observations mentioned above, and especially the evidence found for 111 (figure 4.10c)
and 1V (figure 5a in reference 165), point to a conceivable 2D COF reaction mechanism for boronic
acids with large enough surface area. In this mechanism, the molecular precursors may form a 2D
COF on HOPG, preceded by a supramolecular self-assembly step.

In the future, in-situ temperature-controlled STM studies of these surface-supported
polymerization processes may shed light on the mechanism of the synthesis of these 2D materials.

During these studies, other reaction parameters will also be better understood.
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HOPG

Figure 4.10: a) STM image of a self-assembled monolayer of 111 acquired at the liquid-solid interface
with heptanoic acid. Overlaid molecules are drawn to scale. b) Tentative model as derived from the
STM data. Unit cell and hydrogen bonds are indicated by dashed blue and green lines respectively. c)
Side view of the monolayer illustrating a conceivable tilt of the molecular plane with respect to the
substrate. d) STM image of a thermally treated sample (70°C, 30 minutes) showing the coexistence of
unreacted self-assembled domains (lower left part) and first 2D COFs (upper right part). Image taken
from reference 165.

4.7 Stability of the Boroxine Ring

COFs composed of boroxine rings have already shown a high thermal stability when heated in
a dry atmosphere, 141317 1yt show minor stability against water: They undergo relatively fast
decomposition back to its original building blocks when exposed to atmospheric humidity.*”"*"® For
instance, 2D COFs made from Il to 1V, are readily decomposed when left overnight under normal
ambient conditions, but survive almost intact when left inside a desiccators for the same time period.
This decomposition is driven by the susceptibility to nucleophilic attack by water (a mild nucleophile)
at electron-deficient boron sites.'”"*"

The making and breaking of boroxine rings can be directly observed in successive STM
images taken when precursor-COFs were applied onto HOPG. For these observations, heptanoic acid
was used as a dispersion medium and the experiments were carried out at a laboratory temperature of
33°C. The observed domains of nanocrystalline precursor-COFs undergo repeated assembly and
disassembly, as depicted in the sequence in figure 4.11. The assembly/disassembly behavior is most
probably induced by the scanning tip. This finding can be explained by the interplay of several

aspects: The interaction of the scanning tip with the adsorbants,™***4"1%

the nucleophilicity of the
boroxine ring explained above, the presence of small quantities of water in heptanoic acid that help the
reaction to go forward or backward, and the relatively small enthalpy change associated with the
boroxine formation. This formation enthalpy, from free boronic acid to yield boroxine rings, has been

calculated to be between 28 and 51 kcal/mol,*®

pointing to only a moderate strength of the B-O
covalent bonds within boroxine rings. Even though these estimated values were not calculated for any
of the molecules presented here, it explains then why these bonds are susceptible to interact with the

scanning tip.
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It is important to highlight the ability of heptanoic acid to dissolve some water, albeit in very

182

limited quantities.”™ Water can originate from the condensation reaction or from atmospheric

humidity, being apparently enough to guaranty the reversible reaction conditions.

TN

Figur

ellipse highlights the growth of a small 2D COF-1 domain. Starting with a linear array of hexagonal
cavities (a and b, arrow), the domain reacts with nearby molecules, growing laterally (b to e) towards
a triangular shape. This domain later disappears by partially coalescing with a neighboring domain (f).
All images were scanned at a room temperature of 33°C. Time span between successive images: ~1.5
minutes. All images: 23 x 23 nn’.

The STM images in figure 4.11 also reveal the presence of small tripodal units, constituting
the smallest polymerized aggregates that are regularly observable. These aggregates are constructed by
3 BDBA molecules condensed into one boroxine ring, as depicted in figure 4.1a. Smaller units were
seldomly, if at all, experimentally observed, hinting towards a minimum size required by the building
blocks to adsorb flat on the substrate for a long enough residence time to be observed. This is not
achieved with just a single BDBA (1) or 11 molecule.

4.8 Heteromeric 2D COF via Boronic Ester Formation

So far, realization of single-component 2D COFs interconnected by boroxine ring moieties
(figure 4.1a) has been demonstrated under ambient™®"'*>*® and UHV** conditions. Greater long-rage
order was achieved under ambient conditions than under UHV, because the UHV environment does
not promote reversible reaction conditions. Attempts to synthesize a two-component 2D COF under
UHYV conditions with BDBA (1) + HHTP (V1), interconnected by boronic ester moieties (figure 4.1b),
resulted in short-range ordered networks only.****"

The synthesis of 2D COFs with the same two constituents mentioned above has been
attempted but under ambient conditions. Its bulk equivalent is the COF-5, synthesized by Yagui and
co-workers™ in the year 2005. For this purpose, stoichiometric amounts of the components (2 HHTP :
3 BDBA) were weighed, dissolved in warm water, slowly recrystallized, and grounded to attain
homogeneity. The mixture was then treated in an oven for 2 hours at 200°C to yield precursor-COFs.
Again, during this procedure a humid environment was maintained. In a last step, this precursor-COFs

were dispersed in heptanoic acid, applied onto a freshly cleaved HOPG substrate, and thermally
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treated inside the reactor for 1 hour at 120°C. Once again, under the same humid condition as
explained before for single-component 2D COFs.

A representative STM image of the successful trials is shown in figure 4.12, along with a line
profile. This profile proves the formation of two monolayers stacked in an eclipsed fashion via the
periodic repetition of peaks and troughs at basically two different heights. This evidence is in good
agreement with the stacking fashion found for the bulk COF formed from these same components.™
Table 4.1 shows the experimental and MM derived unit cell parameters for this 2D COF. They agree
very well with the experimental unit cell lattice parameters of 3.0 nm found for the bulk COF-5."

Although in principle it is demonstrated here that it is possible to realize this class of two-
component 2D COF with long-range order domains, it was not possible to reliably reproduce these
results. Also, slight changes in preparation parameters, for instance, using a longer thermal treatment,
or applying more water inside the reactor, resulted in no observable improvement. Only shifting the

stoichiometric BDBA:HHTP ratio towards more HHTP and less BDBA, slightly improved the success

rate.
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Figure 4.12: a) Representative ambient STM image of a two-component 2D COF realized with
BDBA (1) and HHTP (V1), by forming boronic ester linkages. b) Molecular representation of 4 rings
of this COF. The unit cell parameters are a = b = 3.0 nm; y = 60°. ¢) Line profile along the light-blue
line indicated in a). The apparent step height from one monolayer to two monolayers with respect to
the uncovered substrate indicates one or two monolayer thickness.

4.9 Summary

In this chapter, it has been shown that covalent bond formation under reversible conditions
yields long-range ordered networks held together by these strong bonds. The ideal reaction conditions
will certainly depend on the system of interest, i.e. the parameters should not be considered universal.
For instance, the conditions attained inside the reactor are very well suited for the formation of
extended 2D COFs of I — 111 and V, but are not good enough for long-range ordered COFs made from
IVorl+VI
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The reversibility of the boroxine formation reaction, by condensation and rehydrolysation
from boronic acid, was demonstrated here with complementary analytical methods, like IR, Raman
and PXRD. This characteristic also allows boronic acids to self-repair during the formation of COFs,
yielding a very regular structure, provided they are prompted to make and break covalent bonds during
the formation process.

It has also been shown here, that the unit cell parameter, and hence the respective cavity size,
can be tuned by selecting the appropriate para-diboronic acid precursors. The unit cell parameters
spanned from 1.5 nm using | up to 3.8 nm using IV. This last size should not be taken as an upper
limit to the upwards scalability of the unit cell parameters. However, it seems that with larger
molecules, a consequently larger adsorption enthalpy hinders molecular mobility on the substrate. This
suggests a change in the reaction conditions if 2D COFs with larger cavities are going to be prepared.
Altogether the feasibility of formation of isoreticular 2D COF has been demonstrated.

The supramolecular self-assembly of some diboronic acids was also tested here. Results
showed that under the applied experimental conditions, small monomers as | and Il do not self-
assemble on the graphite substrate, 111 and IV do self-assemble, whereas V forms a disordered
structure. This may imply that self-assembly, at least for 111 and 1V, is a preceding step in the process
of 2D COF formation. Currently this an open research question, suggesting the possibility of a in-situ
study of this process in the future.

The viability of heteromeric 2D COFs has also been proved here. However, reaction
parameters must be improved to obtain regular and extended 2D COFs from molecular precursors | +
VI.
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Conclusions

In this work, the realization of surface supported monolayers of supramolecular self-
assemblies and two-dimensional covalent organic frameworks has been presented. Suitable organic
linkers, mostly dissolved in organic solvents, were the starting materials for both syntheses. STM was
the main analytical tool used to investigate the structures on the surfaces. STM provided very precise,
and highly resolved detailed images, from which structural parameter were derived and used for
modeling.

The first subject presented here, the self-assembly of tricarboxylic acids, is a spontaneous
process occurring under ambient conditions mediated by reversible hydrogen bonds. Although the
formation of these ordered structures reduces the entropy of the system, they can only form if the
overall entropy of the universe increases. When formed, these structures are in thermodynamic
equilibrium with further molecules in the supernatant solution. This equilibrium enables the formation
of very regular and extended molecular networks by allowing error correction and filling of voids.

Thermodynamical parameters have been estimated by considering the enthalpic and entropic
contributions for self-assembly. Enthalpic contributions were deduced from molecular mechanics,
whereas entropic changes were estimated using adapted models for rotational and vibration
contributions. The values obtained from these two factors were combined to obtain the change in
Gibbs free energy upon self-assembly for several different polymorphs found. This free energy
analysis explained why the self-assembly was a thermodynamically favored process, and thus
spontaneous. Other parameters influencing self-assembly were also presented in this thesis. These are
molecular structure, like shape, size, and functional groups of the adsorbates; intermolecular forces,
mainly hydrogen bonds of different strengths; interaction of the adsorbates with the substrate, via van
der Waals forces; solvent; concentration; and possible structural changes induced by potential
molecular guests.

Depending on the solvent used and the solute concentration, one large tricarboxylic acid
yielded at least four different polymorphs. However, none of them was the expected open-pore
network stabilized solely by cyclic two-fold strong intermolecular hydrogen bonds. This implies that
knowledge of the above mentioned factors, gathered taking into account the information presented
here and in many other studies, is not yet enough to predict in advance the final supramolecular self-
assembly. This means experimentation is still an indispensable requirement.

The second main topic presented here is the formation of extended, regular, surface-supported

two-dimensional covalent organic frameworks (2D COFs). For this aim, boronic acid-functionalized
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molecules were employed. When boronic acids react via a condensation reaction, they form boroxine
rings (BsO;), held together by covalent bonds. In this reaction, water is released as a by-product.

To realize 2D COFs, two methods were used. In a first method, 1,4-benzenediboronic acid
was pre-polymerized in an oven under a humid atmosphere. This process yielded bulk precursor-COF
nanocrystals. When dispersed in organic solvents and drop-cast on graphite, these nanocrystals readily
adsorbed on the graphite substrate. In a second step, these samples were post-processed by a thermal
treatment under reversible conditions inside a reactor with a small amount of water added. If enough
water is supplied during the reaction, the making and breaking of covalent bonds is promoted. Thus,
structural errors that may arise during the polymerization are efficiently corrected, yielding 2D COF
networks with the energetically most favorable configuration, and exhibiting relatively large domains.

In a second method, the same thermal treatment inside a reactor as explained above was
undertaken with graphite substrates containing, instead of precursor-COFs, dispersed 1,4-
benzenediboronic acid molecules in organic solvents. That is, the pre-polymerization step was
completely skipped. The 2D COFs yielded by this one-step procedure were very similar in regularity
and lateral extension to those realized with precursor-COFs.

These two procedures, using the comparatively small monomer 1,4-benzenediboronic acid,
provided the proof of principle. The second and simpler process was later extended to yield
isotopological frameworks with larger unit cell parameters, tuned in size by a previous selection of the
appropriate molecular precursor. For this purpose, para-diboronic acids with molecular backbones
consisting of phenyl rings —o-bonded or fused— were always used. For all monomers, isotopological
networks with a regular and extended covalent structure were obtained.

Thermal stability of the 2D COFs was tested by heating for a long period of time under
atmospheric conditions, and subsequent examination with the ambient STM. After this rather harsh
treatment, 2D COF were still present on the substrate. Also, the reversibility of the boroxine ring
formation reaction to the boronic acid precursor was proven by means of rehydrolysation of precursor-
COFs. This demonstrated the error correction properties required for the formation of regular 2D COF
networks.

The viability of the formation of a heteromeric 2D COF was also demonstrated. By boronic
ester formation, again a covalently bound structural unit formed by means of the condensation
reaction of a boronic acid and a diol. This was realized under the same reversible reaction conditions
inside the reactor as already employed for boroxine ring formation.

To summarize the present work, the possibility of controlled formation of nanoscale molecular
patterns has been shown. However, at the present stage, not all parameters affecting molecular self-
assembly or 2D COF formation are fully understood, and probably other factors still lack a detailed
study. Hence, it is still a long way before conclusive results are achieved, which will permit the large
scale fabrication of molecular monolayers with very specific characteristics that were defined in

advance. Also here, the realization of regular and extended 2D COFs has been demonstrated. This may
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be a first step towards the understanding of the reaction conditions, among other factors, needed for
large-scale production of free-standing 2D polymers, much resembling a single graphene sheet. Before
2D polymers free of a supporting substrate are available, there are other possible applications and
experiments that may be achievable using surface-supported 2D COFs. For example, the transfer of a
2D COF layer from the original supporting graphite surface to another different substrate by bringing
the two surfaces together may be possible. This would provide a method to functionalize a substrate
where the 2D COF of interest cannot form under the known reaction conditions. Also, the cavities
found in the 2D COFs may be used as a template to host and position guest molecules at specific
locations. These guest molecules may possess chemical groups directed to react only with each other
and yield a new and different 2D network. Afterwards, by dissolving the original 2D COF with a
solvent that leaves intact the new network of guest molecules —probably just water—, a newly
functionalized surface may be formed. All of these would certainly open a new world of possibilities

in material science.
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Preparation of Ultra Flat Gold (111) Surfaces by Physical Vapor Deposition

(PVD) as Substrate for Supramolecular Self-Assembly

Vacuum evaporation of metals onto different substrates is a popular method to produce
inexpensive surfaces for STM experiments. Glass, silicon (Si) and calcium fluoride (CaF,) have been
used as substrates with good results,*® but in particular, mica (muscovite, or common mica; chemical
formula KAI,(AISi;010)(OH),) has become one of the most common substrates used for the deposition
of gold. This is because it is atomically flat, cheap, and easy to cleave with adhesive tape through the
(001) plane of K atoms. Upon cleavage, these atoms are distributed equally between the two newly
created surfaces, so each cleaved face would contain half a monolayer of K atoms.’®® Figure Al.1
shows a schematic representation of the mica structure. The gold deposited on mica via PVD is (111)
terminated. There is a large collection of literature dealing with the different parameters for the
deposition of gold on mica; a brief overview can be found in the publication of M. Levin et al.*®

In this work, freshly cleaved mica (with adhesive tape; reminiscent of the HOPG cleaving
procedure) was used as a substrate without any further ex-situ treatment. It was outgassed in the
vacuum chamber described in figure Al.2, at 350 - 400°C for ~12 hours. Only the best commercially

available class of muscovite was used, the so-called V-1 type.
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Figure Al: Left: Schematic illustration of the mica structure. Cleavage occurs along the (001) plane,
where monolayers of hexagonal arrayed potassium ions separate the sheets. A layer of hexagonally
arrayed oxygen ions lies beneath this surface. Right: Surface structure of cleaved (001) mica.’®
Images reproduced with permission from IOPscience.

Gold films deposited via PVD onto mica yield a gold substrate (111) terminated. This surface
termination suggests that the crystallographic order of the mica substrate influences significantly that
of gold due to some matching degree between the two materials at the interface.'®” In general, when a

film is deposited on a substrate, the interfacial energy is minimized by maximizing the
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density of appropriate bonds across the interface in an attempt to merge the symmetries of both. If it is
energetically favorable for the film material to match the substrate’s crystallography, then it will grow

epitaxially. The degree of matching between substrate and film can be defined by f , the fraction

mismatch in the atomic periodicities of the two materials along the surface, given in the following

equation:*®’

a3, -a, _a -a
(a, +a)/2 a

S €

>, (A1.1)

S

where a,and a,are the lattice parameters along equivalent directions in the film and substrate
surface, respectively. Generally, if f < 0.1, epitaxy ensues, but if f > 0.1 few of the interfacial bond

are well aligned and therefore there is little reduction in the interfacial energy.'®” The distance of the O
atoms in mica’s SiO, tetrahedra is 0.255 — 0.286 nm, whereas face-centered cubic (fcc) Gold
crystallizes with 0.288 nm as the smallest distance between nearest neighbor Au atoms. These data

would give f values of ~0.1 at the most, thus ensuring epitaxial growth of Au(111) on mica.*®

The high vacuum chamber shown in figure A1.2 was used to deposit gold. It was pumped by a
turbomolecular pump with a rotary forepump, achieving a final pressure of 2.7 x 10°® mbar. An oil trap
was inserted between the two pumps to prevent oil backstreaming into the chamber. Customized
components were added to the chamber: A substrate (mica) holder/heater made of ceramic, together
with a W mask with nine windows to mount the mica; a water-cooled quartz crystal micro balance; a
Ta shutter; and an integrated W-coil + alumina crucible gold evaporator with variable positioning. To
minimize thermal losses, the ceramic heater and the crucible were doubly shielded with 0.2 mm thick
Ta housings. Tests were carried out with the configuration shown in figure Al.2 to ensure the
functionality of all parts. For deposition of gold films, the crucible was heated with a current of 22.5 A
to a temperature of, ~ 900°C, high enough to evaporate the gold at the desired rate. The flux of Au
atoms can be blocked by the shutter, thereby accurately controlling the deposition time. The pressure
in the chamber during the evaporation was normally 2.7 x 107 mbar. Up to 9 samples per run could be
prepared using the flexible W mask with nine windows.

The deposition rate was tested in several experimental runs. A final applied current of 21 to
22.5 A to the heater resulted in reasonable gold evaporation rates. These rates were found to be
constant throughout the experiments, as long as the current was also kept constant. Readouts of the
quartz crystal micro balance against time are depicted in figure Al.3 for several different currents
applied to the W-coil + alumina crucible containing gold.

In the first experiments, the W-coil + alumina crucible was incrementally heated for 9
minutes, before the shutter was opened. Although this did not alter the final gold surface, it was found
to be too harsh for the ceramic crucible, destroying it after several trials. A slower heating rate, taking

18 minutes until the final required current was reached, preserved the crucible. After several tests, a
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current of 22.5 A was selected for regular runs of gold deposition, producing films of ~300 nm

thickness in 31 minutes.

1—
EEEEEEEEEEEEER

Figure Al.2: Components of the gold evaporator and mica mounting assembly: 1) Water-cooled
quartz crystal micro balance; 2) balance holder and water cooling feedthrough; 3) ceramic heater; 4)
sample holder with nine windows to mount the mica; 5) two-fold Ta thermal radiation shields; 6)
position of the mica sandwiched between ceramic heater and evaporation mask; 7) shutter to block the
gold beam; 8) flexible arrangement of copper conductors to position the crucible; 9) W-coil with an
10) integrated alumina crucible for efficient heating of the evaporant; 11) pressure gauge. The right
hand side of the picture shows the location of each component inside the high vacuum chamber. When
assembled, the distance separating the gold evaporator and the sample holder is 8 cm.

To measure the film thickness, a Nanosurf® easyScan Atomic Force Microscope (AFM) was
used. An area at the gold film boundary was scanned where clean mica and gold-covered mica
surfaces could be imaged at the same time. A representative example is depicted in figure A1.4. The
analysis of the AFM image yields a thickness of 300 nm. With this information, and taking 31 minutes
deposition time into account, it is possible to calculate the deposition rate of gold on mica for the

chosen conditions as follows:

gold filmthickness ~ 300nm

— = =0.16nm/s
deposition time 1860s

Rate of gold deposition =
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Figure Al1.3: Quartz crystal micro balance readout versus time. The deposition rate of the gold, as
observed in the straight lines connecting the dots in the graph, is constant for constant heating current.
The slight variations are caused by different positions of the evaporator relative to the quartz balance.
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Figure Al.4: a) 64 x 64 um? AFM (false color) image of the gold film boundary deposited on mica.
b) Analysis of the green line-profile plotted on the AFM image in a). The dotted lines are drawn to
compensate the slope and allow for a precise measurement of the gold film thickness. The steep slopes
indicate the boundary between the Au film and mica in a), and vice versa; the plateaus are either on
the gold film or mica substrate. The AFM image was analyzed with the WSxM Scanning Probe
Microscopy Software.™®

The gold surfaces were studied using the ambient STM with mechanically cut Pt/Ir (90/10)
tips. Before flame annealing, the surfaces do not exhibit a recognizable (111) termination. This is
shown in figure A1.5. After 3x flame annealing, the surfaces exhibit recognizable triangular shapes,

with step edges intersecting under 60° or 120°, which is a clear indication of (111) termination.

71



Appendix 1

Terraces are flat and large enough to be used in further STM experiments. This is depicted in figure
AL.6.

&

Figure AL1.5: STM topography of the gold surfaces before flame annealing. They are rough and do not
exhibit a recognizable (111) termination. a) 446 x 446 nm? b) 279 x 279 nm®.

| V ...\-\\:A\ : “' » : v\[),.‘, : : |

Figure A1.6: STM topography of the gold surfaces after 3x flame annealing, exhibiting triangular

shapes. These are step edges that intersect under 60°, which is a clear indication of (111) termination.

Terraces are flat and large enough to be used in further STM experiments. a) 1160 x 1160 nm?; b) 640
x 640 nm?; ¢) 402 x 402 nm>.

Flame annealing is a required step to yield (111) terminated gold surfaces. Flame annealing

affects the gold surface in several ways: by removing adsorbed molecules (contaminants),'® by

dehydroxylating the mica substrate (evolution of water from the interior of the mica),'®

and by
causing the grain boundaries to diffuse across the individual grains, forming larger flat surfaces by
coalescence.'® For flame annealing, a butane torch is used, heating slightly the gold films for 30
seconds until a dark red color is observed. This is done preferably under subdued light or in complete
darkness. After the elapsed time, the mica is left on a copper surface for another 30 seconds to cool
down. For best results, this procedure is done right after the gold films are taken out of the vacuum
chamber, and repeated three times. Figure A1.7 shows the difference in substrate finishing after 1x or
3x repetitions of the annealing procedure, proving that 3x yield surfaces with larger flat terraces.

Flame annealing can also remove some Au atoms from the surface.
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Figure A1.7: a) STM topographs of the gold surfaces before flame annealing (446 x 446 nm?), b)
after 1x flame annealing (581 x 581 nm?), and c) after 3x flame annealing (402 x 402 nm?). Annealing
at least 3 times is necessary to yield flat and large Au(111) defect-free surfaces of at least 50 x 50 nm?.

To independently confirm the emergence of ultraflat Au(111) surfaces after flame annealing,
Low Electron Energy Diffraction (LEED) was used. Samples with and without annealing were
compared. The LEED patterns (112 eV) presented in figure A1.8 reveal the (111) surface of the gold
films in both samples; however, the presence of sharper defined diffraction spots in the annealed

sample (figure A1.8b) proves larger (111) crystalline domains than in the untreated sample.

3x flame

——
annealing

Figure A1.8: LEED patterns revealing the (111) surface termination of the gold films (112 eV). a)
Samples before and b) after flame annealing. The more clearly defined and sharper spots in b) indicate
the presence of larger (111) crystalline domains. LEED Images obtained by Georg Eder and Hermann
Walch.

In order to investigate self-assembly of long chain alcohols into two-dimensional monolayers,
a drop of 1-decanol was directly applied to freshly flame annealed gold surfaces. For STM

experiments a mechanically cut Pt/Ir (90/10) tip was immersed into a liquid film on the surface.
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Typically, 100 mV bias voltage and tunneling current setpoints around 70 pA were used for image

acquisition. Examples of the self-assemblies observed are depicted in figure A1.9.

-,\K 3

125 nm x 125 nm

Figure A1.9: STM topographs of 1-decanol self-assembly on flame annealed Au(111) substrates. The
images above depict a boundary between two rotational domains (54.7°) of the 1-decanol monolayer.
Some unidentified (dirt) particles are also present. Images below depict: left hand side: ordered alcohol
molecules on terraces of the gold surface; center: details of ordered rows of molecules; right hand side:
tentative model of the molecular assembly. Intermolecular hydrogen bonds are the main driving force
for the self-assembly.™"

74



Appendix 2

Stepwise Assembly Scheme and Evaluation of Formation Probabilities for Two
Different Polymorphs from TCBPB

Figure A.1 presents a step by step (molecule by molecule) assembly scheme for the formation

of ensembles leading to the formation of obligue-l (L), displaced chickenwire (D), or none of both

(X). Every tripod represents a TCBPB molecule. Notice that an ensemble is not yet a stable nucleus,
but an aggregate of molecules with pre-defined relative positions. An ensemble can be converted into
a stable nucleus only if it becomes thermodynamically stable. The relationships between L, D and X

are given in table 3.2 (chapter 3), reproduced here.

Table 3.2: Relationships found among TCBPB ensembles at the 1%, 2™, 3, and 4"
step of their formation. Only ensembles leading to the formation of oblique-I,
displaced chickenwire, or none of both were considered.

Number Probabilistic relationships
Ensem_ble of Ensembles Ensembles leading Ensembles
formation | molecules | e,4ing to to displaced unable to lead to
step involved oblique-I chickenwire any of both
1 2 1 1 0
2" 3 2 0
3" 4 3 1 0.4
4" 5 4 1 2.3
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Figure A2.1: Step by step assembly scheme for the formation of ensembles leading to the formation
of oblique-1 (L), displaced chickenwire (D), or none of both (X).

@ - First formation step
+ 9 = Second formation step
@ > * and )\ © = Third formation step

a, b, ¢ = 3 different ensembles

formed in the second step

D+L
D+L @ Ensemble leading to...
+ D = displaced chickenwire
L = oblique-I
X = none of both (truncated)
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Calculation of the formation probabilities of the arrangements presented in table 3.2:

Notation:
(A:B:C)
# ensembles # ensembles # ensembles leading
leading to L. leading to D. to none of both (X).

Calculation procedure:

1% step: There are 6 possible ensemble configurations; 3 of them being geometrically equivalent. That
reduces itself to 2 different dimeric configurations. The dimer is a common motif of both structures
and does not preselect any polymorph. Hence, a dimer has the same chances to lead to both
assemblies. So the chances are: 2 x (1:1:0) = (2:2:0). It can be simplified to (1:1:0).

2" step: Any of the two different dimers in the 1% step yields the same number of possible ensembles
in the second step, so only one half are calculated. The other half is made of mirror images.

There are 8 possible ensembles originating from every dimeric configuration in the 1% step: 4 x a; 2 x
b; and 2 x c.

a can yield both structures, hence it is labeled “D + L”’; b and ¢ can only yield oblique-I, thus they are
labeled “L”. At this stage, there are no ensembles that lead to none of both (X).

Therefore, the number of ensembles that can lead to L is 8, and those that can lead to D is 4. So,
number of ensembles leading to L vs. number of ensemble leading to D = 2 x (8:4:0) = (16:8:0).
Simplifying: (2:1:0).

3" step: Each of the 8 ensembles in the 2™ step yields 10 ensembles in the 3".

a yields 6 ensembles that can lead to L, 5 to D, and 1 to none (X). This relationship has to be
multiplied by the number of possible a structures in the 2™ step, which is 4, and the number of total
structures in the first, which is 2. Hence for a: 4 x 2 x (6:5:1) = (48:40:8).

b yields only 10 ensembles that can lead to L, hence 2 x 2 x (10:0:0) = (40:0:0).

¢ forms 8 ensembles that can lead to L, and 2 that lead to none (X), hence 2 x 2 x (8:0:2) = (32:0:8).
Adding up all three ensembles gives: (48:40:8) + (40:0:0) + (32:0:8) = (120:40:16).

This can be simplified to (15:5:2). For the ease of comparison with the previous relationships, it can be

further simplified to (3:1: % ), or (3:1:0.4).
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4™ step: Every ensemble in the 3™ step yields 12 ensembles in the 4™. For the evaluation of the
probabilities in this step, those ensembles marked with X in the 3™ step are not evaluated here. This is
because they are supposed to already be ensembles unable to lead to L or D in the 4™ step. The fact
that in hundreds of STM images of the self-assembly of TCBPB, not even one misplaced adsorbate
was observed, as is depicted in the ensembles marked with X, can be understood on the basis of the
reversibility of the self-assembly process: If an adsorbate is misplaced, it can be corrected by
desorption and resorption of the same or other molecular adsorbates in the right position. This process
implies going back one step, so the probabilities belong to the preceding step, and not to this step.
However, taking or not into consideration the probabilities for further growth of X ensembles in the 4™
step do not alter the final L:D ratio. The 4™ step is not graphically represented in figure A2.1.

The majority of the 9 ensembles of the 3" step of a (not considering 1 X) yield 44 ensembles that can
lead to L, 30 to D, and 38 to X. This relationship has to be multiplied by the number of possible a
structures in the 2™ step, and by the number of dimers in the first step. Thus for the 4" step: 4 x 2 x
(44:30:38) = (352:240:304).

For the case of b, there are none X ensembles in the 3" step. There are 84 ensembles that can lead to
L, and 36 to X. There are none that can lead to D. This relationship is multiplied by the number of
possible b structures in the 2™ step, which are 2, and by the number of dimers in the first step. Hence
for this step: 2 x 2 x (84:0:36) = (336:0:144).

The 3" step of ¢ has 2 ensembles marked as X, so they are not counted in the following evaluation.
There are in total 68 ensembles that can lead to L, 28 to X, and none to D. Thus, multiplying by the
number of possible ¢ structures in the second step, and again by those in the first step, gives the
following result: 2 x 2 x (68:0:28) = (272:0:112).

Adding up gives: (352:240:304) + (336:0:144) + (272:0:112) = (960:240:560).
Simplifying: (4:1: 2%).

For the ease of comparison with the previous relationships: (4:1:2.3)
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Table A2.1: Relationships found in table 3.2, given in %, and calculated
only for ensembles leading to oblique-I and to displaced chickenwire.

Number Probabilistic relationships
Ensemble of Ensembles Ensembles leading
formation f molecules [ o5 4ing to to displaced
step involved oblique-I chickenwire
1St 2 50 50
ond 3 66.7 33.3
grd 4 75 25
4" 5 80 20

Figure A2.2: Graphical representation of the probabilities given in table A.l.
Evaluated from n= 2 up to the 7" formation step (n = 8), calculated using equation
3.8. Blue = oblique-I; red = displaced chickenwire. It can be observed that the
probability of forming oblique-I approaches asymptotically the 100% value; whereas

for displaced chickenwire, it approaches the zero line.
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Abstract: We present a variable-temperature study of monolayer self-assembly at the liquid—solid interface.
By means of in situ scanning tunneling microscopy (STM), reversible phase transitions from a nanoporous
low-temperature phase to a more densely packed high-temperature phase are observed. The occurrence
of the phase transition and the respective transition temperature were found to depend on the type of
solvent and solute concentration. Estimates of the entropic cost and enthalpic gain upon monolayer self-
assembly suggest that coadsorption of solvent molecules within the cavities of the nanoporous structure
renders this polymorph thermodynamically stable at low temperatures. At elevated temperatures, however,
desorption of these relatively weakly bound solvent molecules destabilizes the nanoporous polymorph,
and the densely packed polymorph becomes thermodynamically favored. Interestingly, the structural phase
transition provides external control over the monolayer morphology and, for the system under discussion,
results in an effective opening and closing of supramolecular nanopores in a two-dimensional molecular

monolayer.

Introduction

Self-assembly of ordered monolayers at the liquid—solid
interface has been proven to be well suited for functionalizing
surfaces and, thus, has become a topic of elaborate research.' >
Especially porous networks, which can be utilized as supramo-
lecular host systems for defined coadsorption of nanoscopic
guests, have received broad interest.® ''Tailoring morphology,
size, and functionalization of porous networks thus remains a
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topic of fundamental interest in nanotechnology. The monolayer
morphology is primarily governed by the structure and func-
tional groups of the molecule,' ' but can also depend on the
type of solvent,">'® concentration,>'? ' substrate,”* substrate-
mediated interactions,”® and other factors. Among all important
parameters for self-assembly at the liquid—solid interface,
temperature is probably the one least studied, and only a few
examples are reported in the literature.*"**~** For instance,
English and Hipps use STM to reveal the progressive desorption
of coronene from Au(111) between room temperature and 55
°C (in situ, up to 105 °C ex-sitir).”” However, in many variable-
temperature studies samples are just conditioned at elevated
temperatures, while measurements are still conducted at room
temperature.

Although temperature is a vital parameter for any self-
assembly because it directly affects both thermodynamics and
kinetics, little is known about its influence on physisorbed
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monolayers at the liquid—solid interface. For 1,3,5-tris(4-
carboxyphenyl)benzene (BTB, cf. Figure 1a) monolayers, tem-
perature-dependent structural phase transitions were observed
under vacuum conditions on the Ag(111) surface.®' Yet, most
likely driven by a stepwise deprotonation of the carboxylic
groups, these phase transitions are not reversible.

Herein we demonstrate how the morphology of BTB mono-
layers at the carboxylic acid/graphite interface specifically can
be switched bidirectionally by lowering and raising the tem-
perature. As detailed below, interfacial BTB monolayers show
a fully reversible temperature-driven structural phase transition,
changing from an open pore network to a nonporous, densely
packed structure. Accordingly, nanopores can be closed at
slightly elevated temperatures and opened again by cooling the
sample below the transition temperature. Such a reversible
process opens venues for various applications in which guest
coadsorption is controlled by temperature, as a densely packed
structure in contrast to an open-pore structure does not facilitate
coadsorption of molecular guests.

Our experimental findings can be explained and are rational-
ized by thermodynamic considerations, where the free energies
of adsorption of both polymorphs are evaluated from a molecule-
based estimation of enthalpic gains and entropic costs.

Results and Discussion

Solvent Dependence. Three different carboxylic acids served
as solvents, namely heptanoic (7A), octanoic (8A), and nonanoic
acid (9A). At room temperature with 7A as solvent, BTB
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Figure 1. (a) Chemical structure of 1,3,5-tris(4-carboxyphenyl)benzene
(BTB). STM topographs of BTB monolayers at the (b) heptanoic acid/
graphite (Vs = 0.80 V, It = 77 pA), (c) octanoic acid/graphite (Vyi,s =
1.10 V, I+ = 92 pA), and (d) nonanoic acid/graphite interface (Vi = 1.15
V., It =71 pA). In all cases saturated solutions were used and topographs
were recorded at room temperature. (e) Ball-and-stick model of a chicken-
wire BTB monolayer on graphite; nine unit cells are depicted (cyan: graphite
substrate, gray: carbon, white: hydrogen, red: oxygen). (f) Top view of a
ball-and-stick model of the row structure of BTB on graphite; eight unit
cells are depicted. Adjacent rows are interconnected via hydrogen bonds.

furnishes a previously unobserved densely packed row structure
on HOPG with striped appearance (Figure 1b). In 8A, the row
structure is found in coexistence with the chicken-wire structure,
a hexagonal, less dense open-pore network (Figure 1c) that is
quite common for other 3-fold symmetric tricarboxylic acids
as well."** At room temperature, 9A as solvent exclusively
yields the chicken-wire structure (Figure 1d). Models of the
respective polymorphs are presented in Figure le.f.
Temperature Dependence. A home-built heatable sample
stage facilitates STM measurements at the liquid—solid interface
from room temperature up to ~70 °C. Heating the BTB/7A
system to over 60 °C did not result in any change of the
monolayer morphology. At all intermediate temperatures,
exclusively the row structure was observed. In 8A, the coexist-
ence of both phases prevailed up to ~43 °C. Above this
temperature the sample was entirely covered with the row
structure. Similarly, in 9A the chicken-wire structure was stable
up to ~55 °C, while at temperatures above only the row
structure could be observed. In order to verify the reversibility
of the BTB phase transition, several heat—cool cycles were
conducted in 8A and 9A, where images were repeatedly acquired
below as well as above the respective transition temperature

(32) Lackinger, M.; Griessl, S.; Heckl, W. M.; Hietschold, M.; Flynn, G. W.
Langmuir 2005, 21 (11), 4984-4988.
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Figure 2. STM topographs as acquired during repeated heat—cool cycles of saturated BTB in nonanoic acid solutions demonstrating the reversibility of the
phase transition. The respective temperature is stated in the lower (upper) left corner of each image. The cycle starts at the lower left image (a) at room
temperature (Vi = 1.15 V, It = 71 pA) and is continued (b) at 55 °C (Vyyies = 1.15 V, I+ = 72 pA) — (c) at 25 °C (Vpigs = 1.15 V, I+ = 65 pA) — (d) at
55 °C (Voias = 1.15 V, It = 73 pA) — (e) at 25 °C (Vyis = 1.15 V, It = 77 pA) — (f) at 55 °C (Vbias = 1.15 V, It = 79 pA).

Figure 3. STM topographs as obtained from repeated heat—cool cycles of saturated BTB in octanoic acid solutions demonstrating the reversibility of the
phase transition. The respective temperature is stated in the lower left corner of each image. The series starts at the left image (a) at room temperature (Vi
= 1.10 V, I+ = 92 pA) and is continued (b) at 43 °C (Vyus = 1.10 V, It = 78 pA) — (c) at 25 °C (Viius = 1.10 V, It = 56 pA) — (d) at 43 °C (Vyius = 1.10

V, I+ = 85 pA).

(cf. Figures 2 and 3). In both solvents, the chicken-wire structure
reappears below the temperature thresholds of ~43 °C (8A)
and ~55 °C (9A), respectively. In some cases in 9A small
patches of the row structure emerged after the first cycle.

Concentration Dependence. While all studies described above
were conducted with saturated solutions, further experiments
were carried out with diluted solutions. Solubilities of BTB are
0.77 mM in 7A, 0.75 mM in 8A, and 0.50 mM in 9A; thus all
saturated solutions exhibit comparable concentrations. At BTB
concentrations in 7A of about 50% saturation, the row structure
assembled on the surface coexisting with the chicken-wire
structure. For more diluted solutions, at concentrations around
10% saturation, the chicken-wire structure is the dominating
polymorph, emphasizing the importance of solute concentration
in molecular self-assembly. Concentration-induced polymor-
phism, where the less densely packed polymorphs emerge for
more diluted solutions, was found for various other systems. 18,1933
As concluded from thermodynamic considerations, the observa-
tion of coexistence of both polymorphs over a wide concentra-
tion range can be taken as an indication that their free energies
are very similar.'” As a singular experiment we explored
possible phase transitions in 50% saturated solution of BTB in
9A. However, at temperatures up to ~70 °C no phase transition

(33) Meier, C.; Roos, M.; Kiinzel, D.; Breitruck, A.; Hoster, H. E.;
Landfester, K.; Gross, A.; Behm, R. J.; Ziener, U. J. Phys. Chem. C
2010, /14 (2), 1268-1277.
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was observable, therefore pointing toward a relation between
concentration and transition temperature.

Discussion

With respect to the adsorption geometry of BTB molecules
and adsorbate—substrate and intermolecular interactions, the row
and chicken-wire polymorphs are entirely different. In the
chicken-wire structure BTB molecules adsorb planar on the
surface and are interconnected by linear double O—H++-O
hydrogen bonds between carboxylic groups, as thoroughly
discussed elsewhere.'”> The hexagonal unit cell (¢ = 3.2 nm)
contains two molecules. Likewise, the unit cell of the row
structure (unit cell parameters: ¢ = 3.3 nm, b = 0.7 nm, 82°
angle) contains two molecules, but its relatively small area
readily indicates nonplanar adsorption. The row structure is also
comparable to the monolayer morphology found for a slightly
larger tricarboxylic acid,'* in which molecules are stacked face-
to-face along columns parallel to the substrate. The monolayer
is then comprised of densely packed parallel rows. In the row
structure molecules adsorb nearly upright; thus the molecule—
substrate interaction is diminished as compared to planar
adsorption. However, intermolecular van der Waals and w—x
interactions stabilize the structure. BTB molecules adsorb with
two carboxylic groups on the substrate, while the third car-
boxylic group points off the surface into the solution. According
to our structural model, inter-row O—H-+++O hydrogen bonds
are feasible, yet their unfavorable geometry and the absence of
resonance effects that stabilize cyclic hydrogen bonds render
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Table 1. Comparison of Packing Density, Enthalpic Gain (Ahes), Entropic Cost (—TAs), and Free Energy of Adsorption (Ag) per Unit Area of
the Two Polymorphs at Two Reference Temperatures of 300 and 350 K#

Ag = Ahg — Ag = Ahyg —
packing density —TAs(@300 K) —TAs(@350 K) TAS(@300 K) TAS(@350 K)
(10" cm?) Ahgg (1d cm?) (ued cm~?) (ued cm2) (eed cm™2) (eed cm~2)

chicken-wire 0.23 —58 +3.9 +4.6 —-1.9 —=1.2
(without solvent
coadsorption)
chicken-wire 0.23 (BTB) —23.7 +14.6 +17.1 —9.1 —6.6
(with 8 x 9A 0.90 (9A)
solvent molecules
coadsorbed)
Tow 0.87 —18.5 +14.8 +17.3 3.7 —1.2

“ Stabilizing enthalpic contributions are assumed to be temperature independent. A,y refers to values derived from molecular mechanics calculations;

As is calculated using eqs 1 and 2.

them energetically inferior as compared to the double hydrogen
bonds of the chicken-wire structure. Based on STM-derived unit
cell parameters, the packing densities of the polymorphs amount
to 0.23 molecules nm ™2 for the chicken-wire and 0.87 molecules
nm~ for the row structure, respectively.

Thermodynamics. In the following we discuss whether the
experimentally observed structure always represents the ther-
modynamically most stable polymorph at the respective tem-
perature, i.e., the polymorph that yields the lowest Gibbs free
energy. For monolayer self-assembly at the liquid—solid
interface the whole system including the solution needs to be
considered to evaluate all thermodynamic contributions. From
an entropic point of view, adsorption and self-assembly of
molecules from solution is unfavorable because molecules lose
degrees of freedom and thus entropy upon aggregation. On the
other hand, favorable enthalpic contributions arise from attrac-
tive molecule—substrate and molecule—molecule interactions.
A balance of both contributions (entropy and enthalpy) steers
self-assembly, and renders it a thermodynamically driven
process. In order to gain insight into the thermodynamic
properties of the two BTB polymorphs, the various entropic
contributions were partitioned and estimated according to a
method proposed by Whitesides and co-workers and similarly
employed by Krissinel and Henrick.*** When molecules
assemble into supramolecular complexes, the entropic penalty
mainly arises from losses in translational, rotational, confor-
mational, and vibrational entropy, AS. = ASyans + ASir +
ASconr + AS,jp. Since BTB molecules do not possess significant
internal degrees of freedom, conformational entropy losses can
be neglected. Because of their relatively high energy in
comparison to thermal energy, intramolecular vibrations do not
significantly contribute to the entropy and can also be ne-
glected. The following equations provide reasonable estimates
for the two relevant entropy terms for soluted molecules:

e = R In[c Qamk, T 1h**™ (N

trans

S = RIn[x"*1y(87°kyTelh*) (1, 1,1,)"*] (2)

rot

Here, h is Planck’s constant, kg the Boltzmann constant, R
the gas constant, and T the absolute Temperature, while e is
Euler’s number, m is the solute’s mass, and ¢ is the solute

concentration. Furthermore, y considers the symmetry of the
molecule, and 1, I, and 15 are its principle moments of inertia.
In order to avoid overestimation of translational entropy,
concentrations are related to the free volume of the solvent as
proposed by Whitesides and co-workers. The free volume of a
solvent can be estimated by the hard cube approximation®* and
is significantly smaller than the actual volume, e.g., ~32 mL
for 1 L of heptanoic acid. It is assumed that upon adsorption
molecules entirely lose their translational and rotational entropy,
consequently eqs 1 and 2 allow estimating the entropic loss for
adsorption of a single BTB molecule from solution. In the same
manner, the entropic losses for coadsorbed solvent molecules
can be estimated.

In order to compare the entropic costs for the two polymorphs,
contributions from rotational and translational entropy were
calculated assuming saturated solutions. For all three solvents,
the entropic cost for BTB adsorption has a similar value of
—0.190 kJ mol™' K™! for translational and —0.152 kJ mol !
K™! for rotational entropy. In order to estimate the entropic cost
per unit area for self-assembly of a pure monolayer of the
respective polymorph, the total entropy loss of —0.342 kJ mol™!
K™! was then combined with STM-derived molecular packing
densities. Numbers for the entropic contribution to the free
energy at 300 K (room temperature) and 350 K respectively
are provided in Table 1. It can be clearly seen that the row
structure is entropically far less favorable than the chicken-wire
structure, due to its 3.8-fold higher packing density. The entropic
cost becomes even more pronounced at elevated temperatures.
However, the situation is altered when solvent coadsorption
within the cavities of the chicken-wire structure is taken into
account. Although coadsorbed solvent molecules have not been
directly observed in this study, probably due to their low
stabilization energy and short residence times, coadsorption of
guest molecules within open-pore networks was observed
experimentally'*'®'®2! and has been recognized as an important
stabilizing contribution.'*'*'**3-*¢ For instance, coadsorption
of coronene as molecular guest in the cavities of an open-pore
dehydrobenzoannulene polymorph stabilizes this host—guest
network thermodynamically in comparison to the densely packed
polymorph.*®

In the present case, up to eight solvent molecules (8A or 9A)
can be coadsorbed in each cavity of the chicken-wire structure

(34) Mammen, M.; Shakhnovich, E. L.; Deutch, J. M.; Whitesides, G. M.
J. Org. Chem. 1998, 63 (12), 3821-3830.
(35) Krissinel, E.; Henrick, K. J. Mol. Biol. 2007, 372 (3), 774-797.

(36) Furukawa, S.; Tahara, K.; De Schryver, F. C.; Van der Auweraer,
M.; Tobe. Y.; De Feyter, S. Angew. Chem., Int. Ed. 2007, 46 (16),
2831-2834.
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(cf. Supporting Information Figure S4). Coadsorbed 9A solvent
molecules cause a translational entropy loss of —0.102 kJ mol ™
K™! and a rotational entropy loss of —0.132 kJ mol ™' K™,
Comparison of these values with the entropic losses for BTB
adsorption points out that the total entropic cost increases more
steeply with the number of adsorbed molecules rather than with
the size and molecular weight of adsorbates. Since solvent
coadsorption drastically increases the number of adsorbed
molecules, the associated entropic cost of the chicken-wire
structure becomes significantly enhanced. The relatively large
entropic contributions to Gibbs free energy of both solute and
solvent molecules (cf. Table 1) underline the fact that entropy
considerations have to be taken into account for thermodynamics
of monolayer self-assembly.

A quantitative comparison of the stabilizing enthalpic con-
tributions between the two polymorphs is more difficult because
different types of interactions (i.e., hydrogen bonds vs van der
Waals and w— interactions) need to be compared. Molecular
mechanics (MM) simulations are well suited to evaluate the
energetics of van der Waals interactions. However, standard
force fields seriously underestimate the strength of cyclic
resonance stabilized hydrogen bonds.*’ In order to make a valid
comparison of binding enthalpies, MM results using the
Dreiding force field for the chicken-wire polymorph are
combined with the experimentally and theoretically well-
established binding enthalpy of —60 kJ mol ™' for the 2-fold
O—H-+++0 hydrogen bond between two carboxylic groups.™

According to the proposed method, the average binding
enthalpy of BTB molecules in the chicken-wire structure
amounts to —332 kJ mol~!. This value originates from the
combination of a MM-derived molecule—substrate interaction
of —242 kJ mol™! with the binding enthalpy due to intermo-
lecular hydrogen bonds of —90 kJ mol™' = 3 x 0.5 x —60 kJ
mol ™!, In the chicken-wire structure all three carboxylic groups
of each molecule form 2-fold intermolecular hydrogen bonds,
while the factor 0.5 corrects for overcounting of pairwise
interactions.

The row structure is predominantly stabilized by van der
Waals interactions, and the average binding enthalpy was
evaluated by MM computations, which yield a value of —308
kJ mol~" (cf. Supporting Information for details). As anticipated,
the adsorbate—substrate binding is inferior in the row structure
(—176 kI mol™"), but due to the high packing density and mutual
molecular arrangement the intermolecular van der Waals and
mT—iT interactions are superior.

Last, the stabilizing effect of coadsorbed solvent molecules
within the cavities of the chicken-wire structure is calculated.
Coadsorption of eight 9A solvent molecules in one cavity of
the chicken-wire structure yields an enthalpic contribution of
—940 kJ mol ™! per unit cell (c¢f. Supporting Information for a
structural model and details of the calculation).

Binding enthalpies obtained from the above methods refer
to isolated, geometry-optimized molecules under vacuum. Yet,
the appropriate reference state for these considerations is
dissolved and solvated solute molecules.>® Solvation enthalpies
lower the effective binding enthalpies significantly. In com-
parison to experiments under ultra-high-vacuum conditions,

(37) Martsinovich, N.; Troisi, A. J. Phys. Chem. C 2010, 114 (10), 4376—
4388.

(38) Neuheuser, T.; Hess, B. A.; Reutel, C.; Weber, E. J. Phys. Chem.
1994, 98 (26), 6459-6467.

(39) Meier, C.; Landfester, K.; Kiinzel, D.; Markert, T.; Gross, A.; Ziener,
U. Angew. Chem., Int. Ed. 2008, 47 (20), 3821-3825.
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desorption barriers are substantially lower at the solid—liquid
interface, which gives rise to an effective adsorption—desorption
equilibrium even for comparatively large compounds.'*'#3°
Corrections of the adsorption enthalpy due to solvation were
included by assuming that the interaction of dissolved solute
molecules in solution is governed by intermolecular solvent—
solute or solute—solute hydrogen bonds, where each of the three
carboxylic groups of BTB forms a 2-fold hydrogen bond with
a binding enthalpy of —60 kJ mol™'. Consequently, solvation
lowers the effective binding enthalpy of each molecule by at
least +180 kJ mol ™"

On the basis of the estimates of both entropic cost and
enthalpic gain, the free energies of adsorption of each polymorph
were evaluated for two reference temperatures. Since in all
experiments the surface coverage is close to unity, we will refer
to Gibbs free energy of adsorption per unit area A: Ag = AG/A
= AH/A — TAS/IA = Ah — TAs (note that Ah and As, i.e.,
enthalpy and entropy changes per unit area upon monolayer
self-assembly, are both negative). The results are summarized
in Table 1. For the chicken-wire polymorph two scenarios were
considered, with and without coadsorption of solvent (9A).

For room temperature the figures in Table 1 indicate that the
row structure is thermodynamically favored over the pure
chicken-wire polymorph, i.e., when solvent coadsorption is
neglected. However, despite its large entropic cost, solvent
coadsorption still stabilizes the chicken-wire polymorph at room
temperature and even renders this bimolecular monolayer the
thermodynamically most stable polymorph in 9A. At elevated
temperature, the free energy gain associated with self-assembly
of a monolayer row structure becomes comparable to the
chicken-wire structure without coadsorbed solvent due to the
increased entropic cost of the more densely packed polymorph.
On the basis of these estimates of Ag, the following explanation
for the reversible phase transition is proposed: With the aid of
solvent coadsorption, the chicken-wire polymorph is the ther-
modynamically most stable polymorph at room temperature in
9A. Upon increasing the temperature, coadsorbed solvent
molecules start to desorb first, while the chicken-wire network
is still stable. Coadsorbed solvent molecules are less tightly
bound than BTB molecules, as the latter—due to their size—have
increased interaction with the substrate and are additionally
stabilized by six hydrogen bonds. Once the chicken-wire
structure lacks the stabilizing contribution from solvent coad-
sorption, the free energy of adsorption of the row structure
becomes comparable, giving rise to the phase transition. The
proposed model also consistently explains the solvent depen-
dence of the transition temperature. The binding enthalpies of
fatty acid molecules on graphite increase approximately linearly
with their aliphatic chain length. Accordingly, the desorption
temperature of 8A solvent molecules is lower than that of 9A
molecules. In the thermodynamic competition between chicken-
wire and row structure, casier desorption leads to a lower
transition temperature in 8A than in 9A solutions or a transition
temperature even below room temperature as observed for 7A.

Although in the present case a molecule-based evaluation of
thermodynamic quantities yields the correct trends, a word of
caution is appropriate. The Gibbs free energies of adsorption
and the relative thermodynamical stabilities of these polymorphs
sensitively depend on the subtle balance of adsorbate—adsorbate,
adsorbate—substrate, and solute—solvent interactions. A quan-
titative thermodynamic discussion of the complex situation of
monolayer self-assembly at the liquid—solid interface is chal-
lenging primarily because of inaccuracies in the evaluation of
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Figure 4. Viscosities of pure heptanoic (7A), octanoic (8A), and nonanoic
acid (9A) as a function of temperature,*' depicting the inverse dependence
of viscosity on temperature. The dashed line indicates a value of 3.5 cP.

both entropic and enthalpic contributions, but also due to
hardly assessable contributions, as for instance from solva-
tion. Also, for solvent coadsorption precise structural data
are not available.

Nevertheless, established methods to estimate entropic
costs and evaluation of binding energies based on molecular
mechanics and experimental values for hydrogen bond
energies allow at least a semiquantitative evaluation of Gibbs
free energies of adsorption of competing monolayer poly-
morphs. Although the exact prediction of crossing points as
a function of concentration or temperature is hardly possible,
at least a qualitative understanding of trends can be obtained.
On the other hand, kinetic effects might also play an
important role for monolayer self-assembly. From basic
considerations, we conclude that the adsorption rate of solute
molecules is proportional to ¢/7, where ¢ stands for the solute
concentration and # for the solvent viscosity (cf. Supporting
Information). Interestingly, the viscosities of all three solvents
in this study are considerably different at room temperature
and crucially depend on temperature as depicted in Figure
4. Also, the viscosities of 7A, 8A, and 9A, and thus the
adsorption rate, correlate inversely with temperature and vary
appreciably within the relevant temperature interval.

Further interesting aspects are topological and epitaxial
similarities between chicken-wire and row structure: As
illustrated in Figure 5, STM topographs of both coexisting
polymorphs clearly show a structurally well-defined hetero-
interface. Moreover, the direction of the rows is aligned with
the cavities of the chicken-wire polymorph. Both facts
indicate that a morphological transition from chicken-wire
to row polymorph might be initiated by filling of empty
cavities of the chicken-wire structure with excess BTB
molecules. Under conditions where the row structure becomes
thermodynamically favored, this phase transition can also be
understood as a cross nucleation event, i.e., a special case
of heterogeneous nucleation where a thermodynamically more

(40) Yu, L. CrystEngComm 2007, 9 (10), 847-851.

Figure 5. STM topograph of a BTB monolayer in nonanoic acid (9A)
after heating and cooling. Patches of the row structure are observable and
coexist with the chicken-wire structure. The lower left phase boundary
exemplifies a general observation: the rows are aligned with the chicken-
wire structure. Every other row is connected to molecules from the chicken-
wire polymorph; rows in between end in cavities.

stable polymorph nucleates on a preexistent metastable
modification.*’

De Feyter et al. discussed and modeled the concentration
dependence of bimorphic monolayer self-assembly in detail."”
Similarly, by means of a slightly different model, Meier et
al. conclude that densely packed polymorphs become ther-
modynamically preferred at higher solute concentrations.*
In both cases, at low concentrations, an open-pore structure
is favored over a densely packed structure, just as in the
present case for BTB in 7A. The thermodynamic model
proposed by de Feyter et al. also includes a temperature-
dependent term, which results in a diminished coverage ratio
of open-pore to densely packed polymorph at elevated
temperatures. Consequently, their model seems generally
applicable and can also explain the temperature-dependent
phase transition, provided that the chemical potential of BTB
molecules in the row structure is sufficiently large.

Conclusions and Outlook

By means of STM reversible temperature-driven phase
transitions have been observed for BTB monolayers at the
liquid—solid interface. Carboxylic acids were used as sol-
vents, and transition temperatures were found to depend on
type of solvent and concentration. The two polymorphs differ
significantly in packing density, arrangement of molecules,
and intermolecular interactions. Both morphologies are
known, and analogues have previously been reported for other
tricarboxylic acids.'™'> Estimates of the entropic cost and
enthalpic gain upon monolayer self-assembly of both poly-
morphs suggest that a thermodynamic explanation for the
phase transition in view of Gibbs free energy of adsorption
is only appropriate when solvent coadsorption is taken into
account. Solvent coadsorption within the cavity voids of the
nanoporous chicken-wire structure has a high entropic cost
because the number of adsorbed molecules is large. However,
this entropic cost is still outweighed by the associated
enthalpic gain. In order to explain the phase transition, we
propose that desorption of coadsorbed solvent molecules

(41) Landolt-Bornstein Tabellenwerk Zahlenwerte und Funktionen aus
Physik, Chemie, Astronomie, Geophysik und Technik; Springer: Berlin,
2002; Vol. 18 B.
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eventually destabilizes the chicken-wire polymorph and leads
to the emergence of the row structure. This purely thermo-
dynamic model inherently explains the reversibility of the
phase transition. However, the kinetics of adsorption and
desorption can also determine the experimental observations.
For instance, the row structure patches that were occasionally
observed in 9A after the first heat—cool cycle might be
attributed to a slow desorption kinetics of BTB molecules
in the row structure. Mostly because of the strong temperature
dependence of solvent viscosity, also the adsorption kinetics
changes significantly with temperature.

There is one particularly intriguing aspect to the phase
transition from chicken-wire to row structure: it closes
supramolecular cavities. This effect may be utilized for the
controlled release of molecular guests with conceivable
medical and life-science applications. With this in mind, it
would be highly interesting to explore whether adsorption

5090 J. AM. CHEM. SOC. = VOL. 132, NO. 14, 2010

of deliberate molecular guests other than coadsorbed solvent
molecules within the pores of the chicken-wire structure
hampers the phase transition, thus leading to increased
transition temperatures or even suppression of the phase
transition.
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1. Experimental details

All solvents were wused as received from Sigma Aldrich and 1,3,5-tris(4-
carboxyphenyl)benzene was synthesized according to literature-known procedures.'
Solutions were prepared by dissolving BTB until saturation in the respective carboxylic
acid. Subsequently, solutions were centrifuged in order to avoid supersaturation effects.
Droplets of ~2.5 pL saturated solution were applied onto the basal plane of freshly
cleaved highly oriented pyrolytic graphite (HOPG). STM experiments were carried out
with a home-built STM driven by RHK control electronics. The STM tip was immersed
into solution during image acquisition. All images were recorded in constant current mode
and were processed by line wise levelling only, except for some topographs recorded in
8A where a Gaussian filter was applied. For details on the heatable sample stage and STM
measurements at elevated temperature cf. Walch et al.’

BTB solubilities in all solvents were determined by UV-Vis absorption spectroscopy

conducted with a USB4000 UV-Vis spectrometer from Ocean Optics.
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2. Kinetic considerations
Two main kinetic factors influence monolayer formation on surfaces: the adsorption rate of
molecules on the surface, the flux F, and transport of adsorbates across the surface, i.e.
surface diffusion as described by the diffusivity D. When the ratio of surface diffusion to
adsorption rate F/D is small, the resulting surface structure represents the thermodynamic
equilibrium. On the other hand, when the ratio F/D becomes large, kinetic effects become
increasingly important.
According to Fick’s laws of diffusion, the flux F' of dissolved molecules impinging on a
surface is given by:
F=-d(ocl0z), (1)
where d is the bulk diffusivity in solution (not to be confused with the surface diffusivity
D), ¢ the concentration in solution and z the spatial coordinate perpendicular to the surface.
The chemical potential u of an ideal solution as a function of temperature 7 and concentration
c is given by:
u=up+RTInc (2)
with R being the gas constant and u, the chemical potential under standard conditions.
Accordingly equation (1) can be rewritten as:
F=-dc!RT (0u /o). (3)
The flux F of molecules impinging on the surface is thus driven by a gradient in the
chemical potential perpendicular to the surface. This gradient is build up by a difference
between chemical potential on the surface with respect to the bulk (solution) and is non-zero
until the monolayer growth has been completed. In thermodynamical equilibrium, when the
gradient is zero, the net flux F likewise becomes equal to zero. As a coarse approximation, the
bulk diffusivity d, i.e. the mobility of solute molecules in solution, can be approximated by
the Stokes-Einstein equation:
d = kgT | 6zri(T). (4)
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Consequently, the flux becomes:
Foc- ¢! nT) (0ul 0z). (5)
In equations (4) and (5), r is the radius of a spherical particle and 7(7) the solvent
viscosity, which in the case of fatty acids strongly depends on temperature in the range 25
°C to 50 °C. From equation (5), the ratio solute concentration to solvent viscosity ¢/7 is

identified as the critical parameter for the flux F.
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3. Additional STM Topographs

Concentration dependence (heptanoic acid):

Fig. S1. Left: Saturated solution of BTB in heptanoic acid (Vpias = 0.80 V, It = 77 pA).

Exclusively the row structure is observed. Center: 50% saturated solution (Vpi,s = 0.84 V, Iy =
90 pA).; row and chickenwire structure coexist. Right: 10% saturated solution (Vpi,s = 0.96 V,

It =73 pA); almost solely the chickenwire structure is formed.
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Intermediate temperatures (nonanoic acid)

Fig. S2: STM topographs of BTB in nonanoic acid for intermediate temperatures: (a) at room

temperature (Vpias = 1.05 V, It = 90 pA), (b) at ~33 °C (Vpias = 1.05 V, It = 57 pA), (c) at ~43
°C (Vbias = 1.05 V, It = 95 pA), and (d) at ~55 °C (Vpias = 1.04 V, It = 69 pA). At
temperatures below the transition temperature only the chickenwire polymorph can be

observed.
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4. Details on molecular mechanics + additional results

Molecular mechanics based on the Dreiding force field as implemented in the Cerius’
(Version 4.5, MSI) software package was utilized for a structural refinement and estimation of
binding energies. Periodic boundary conditions were employed with the experimental unit
cells as constraints. The graphite substrate was approximated by two layers and atomic
positions in the second layer were fixed. Values for the unit cell parameters were deduced
from split images,3 where one part of the image depicts the adsorbate layer and in the other
part the graphite substrate was atomically resolved. Molecules were arranged on the surface
without further constraints. An energy difference of < 0.001 kcal/mol and a force difference <
0.5 kcal/mol/A between single steps served as convergence criteria. For the hexagonal
structure, nine unit cells were used as the basic building unit (cell parameters in matrix
notation referring to the graphite lattice vectors: U = (21 45 0) V = (45 24 0)). The basic unit
for the row structure consisted of eight unit cells (U = (4 12 0) V = (30 10 0)). Binding
energies were calculated by extracting one molecule from the optimized structure and

performing a single point energy calculation.

The average binding enthalpy AHgprg.ow Of a single BTB molecule in the row structure was
evaluated in the following way:
(1) Evaluate energy AE,q, to remove a single BTB molecule from the row structure:
. optimize complete structure (including all BTB molecules on the surface) = E,
. delete one molecule from the structure and calculate energy (without further geometry
optimization) 2 E;
. calculate energy of a single geometry optimized BTB molecule = Ej

e AEou=E|—-Ex-E;

(2) Evaluate binding energy of a single BTB molecule in the row structure
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to graphite AEo1-sub:
e optimize complete row structure (including all BTB molecules on the surface)
. delete all molecules from the structure except one and calculate energy (no
geometry optimization in between) 2 E,
. calculate energy of pristine graphite, i.e. without BTB molecules adsorbed = E,
. calculate energy of a single geometry optimized BTB molecule = Ej

. AEmol—sub — El = E2 - E3

(3) Average binding enthalpy AHgtg-row 0f BTB molecules in the row structure:

e evaluate average intermolecular binding energy AEol-mol:

AEmo1-mol = (AEotal = AEmol-sub) / 2

since pairwise interactions are equally shared by two bonding partners, only 50% count
for the average intermolecular binding energy per molecule

¢ AHgtBrow = AEmol-mol + AEmol-sub

Binding enthalpy AH,, of coadsorbed solvent molecules AH¢oads:

. optimize full BTB network with one cavity filled with eight 9A molecules = E,;
. calculate energy of empty, geometry optimized BTB network 2 E,

. calculate energy of one single optimized 9A molecule = E;

. AH501V=E1—E2—8XE3

S8
95



Fig. S3: Inclined view of a ball-and-stick model of the row structure, eight unit cells are
depicted. Adjacent rows are tilted in opposite directions. (cyan: graphite substrate, grey:

carbon, white: hydrogen, red: oxygen)
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Fig. S4: Ball-and-stick model of the chickenwire structure with coadsorbed nonanoic acid

molecules. 8 solvent molecules fit within one cavity;
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We present a scanning tunneling microscopy (STM) based study of 1,3,5-tris[4'-carboxy(1,1’-biphenyl-4-yl)]benzene
(TCBPB) monolayers at the liquid—solid interface. In analogy to smaller aromatic 3-fold symmetric tricarboxylic acids,
this compound was aimed to yield two-dimensional nanoporous networks with large cavities. Depending on the solute
concentration, three crystallographically distinct phases with pores of different size and shape were observed on graphite
(001) with heptanoic acid as solvent. All three phases have the same dimer motif as basic building block in common. Yet,
as opposed to other carboxylic acid assemblies, these dimers are not interconnected by 2-fold O—H- - -O hydrogen
bonds as anticipated, but by two energetically inferior C—H- - - O hydrogen bonds. Instead of the common head-to-head
arrangement, this bonding pattern results in displaced dimers, which allow for higher packing density, and due to their
lower symmetry give rise to chiral polymorphs. In accordance with studies of comparable systems, a positive correlation
between solute concentration and average surface packing density is identified and rationalized by thermodynamic

arguments.

1. Introduction

Scalability of structures is an interesting and intriguing aspect
of material science, and isoreticular metal organic frameworks
(IRMOFs) represent a particularly nice and well-known example
thereof." A widely open and definitely system-specific question is
to what extent building blocks can be scaled up, while the
underlying structure is still retained. In the case of porous systems,
up-scaling of building blocks may lead to increased pore size
which opposes nature’s affinity for dense packing. The strength of
directional interactions as hydrogen or coordination bonds re-
mains nearly independent of molecular size, whereas the omni-
present van der Waals interactions gain in magnitude with
increasing sizes of molecules. As a consequence, up-scaling defi-
nitely alters the balance of interactions. For that very reason, the
existence of an upper limit for the pore size is predicted for surface
supported 2D nanoporous supramolecular systems.> The present
study aims to expand the pore size as compared to those of
previously studied hexagonal open pore networks formed by
3-fold symmetric aromatic tricarboxylic acids. The smallest
representative is trimesic acid (TMA, Figure la) which consists
of a central phenyl ring, symmetrically substituted with three
carboxylic groups. Already for this comparatively small building
block, different polymorphic structures were revealed at the liquid-
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graphite interface depending on the solvent applied.** Moreover,
a whole series of systematically varying TMA monolayer struc-
tures with increasing packing density was reported on Au(111).
These observations already indicate that self-assembly is not
exclusively dictated by the building block, but depends to a ldrge
extent on the type of surface, conditions, and environment.*¢~®
This apparent drawback, however, can be turned into the
advantage of having a handle on self-assembly, provided that
underlying processes are understood on a molecular level. The
next larger tricarboxylic acid investigated is 1,3,5-benzenetriben-
zoic acid (BTB, Figure 1b), where three phenyl rings have been
added as conformationally rigid spacers between the central
phenyl ring and each peripheral carboxylic group. Similar to
TMA, BTB also exhibits polymorphism both at the liquid—solid
interface’ and under vacuum conditions.” Moreover, for BTB,
reversible temperature dependent phase transitions have been
observed at the liquid—solid interface, and are explained by a
thermodynamic model.' With phenylethyne units as even larger
spacers (Figure Ic), either complete methylation of the inner
phenyl ring or use of aprotic aromatic solvents were required to
obtain planar adsorption of molecules followed by self-assembly
into hexagonal networks.!" Herein, we would like to present our

(5) Ye, Y.; Sun, W.; Wang, Y.; Shao, X.; Xu, X.; Cheng, F.; Li, J.; Wu, K.
J. Phys. Chem. C 2007, 111, 10138.
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Figure 1. Chemical structures of tricarboxylic acids investigated in the present and previous studies: (a) trimesic acid (TMA), (b) 1,3,5-
benzenetribenzoic acid (BTB), (c) (4-{2-{3.5-bis[2-(4-carboxyphenyl)-1-ethynyl]-2,4,6-trimethyl-phenyl}-1-ethynyl}, (d) 1,3,5-tris[4’-
carboxy(1,1’-biphenyl-4-yl)]benzoic acid (TCBPB), and (e) heptanoic acid, utilized as solvent.

results on the next larger homologue, the 1,3,5-tris[4’-carboxy-
(1,1"-biphenyl-4-yl)]benzene (TCBPB, Figure 1d), which contains
a biphenyl spacer. The results reveal that the enlarged tricar-
boxylic acid does not yield the anticipated well-known isotopo-
logical hexagonal networks, but other monolayer structures with
nonideal intermolecular hydrogen bond patterns.

2. Experimental Section

TCBPB (1,3,5-tris[4'-carboxy(1,1’-biphenyl-4-yl)]benzene) was
synthesized in two steps via trimerization of 1-(4’-bromobiphenyl-
4-yl)ethanone followed by carboxylation using n-BuLi/CO, (cf.
Supporting Information).'> Prior to dissolving TCBPB, the
hygroscopic compound was desiccated at 150 °C for 48 h in high
vacuum in order to completely remove residual water. Heptanoic
acid (Fluka, purity 299%, Figure le), nonanoic acid (Aldrich,
purity 96%), l-nonanol (Merck, purity =98%), l-undecanol
(Sigma-Aldrich, purity =99%), dodecane (Fluka, purity =99%)
were used as solvents without further purification. Saturated solu-
tions served as stock solutions for successive dilutions. Those were
prepared by dissolving the solute until sedimentation, sonication for
15 min, and subsequent centrifugation for 15 min at 5000 rpm. The
solubility of TCBPB in heptanoic acid was determined by UV—vis
absorption spectroscopy conducted with a USB4000 UV —vis
spectrometer from Ocean Optics and amounts to 49.3 + 5.3 uM.

Molecular monolayers were imaged in situ at the liquid—solid
interface under ambient conditions with a home-built STM
operated by an ASC 500 Scanning Probe Microscopy Controller
from attocube systems AG. For all experiments, STM tips were
mechanically cut from a Pt/Ir (90/10) wire and used without

(12) Sun, D.; Xe, Y.; Mattox, T. M.; Parkin, S.; Zhou, H. Inorg. Chem. 2006, 45,
7566.

Langmuir 2010, 26(13), 10708-10716

further insulation. Constant current topographs were obtained
with tunneling voltages around +0.8 V applied to the tip and set
point currents in the order of 50 pA for fatty acid solvents, and
200—800 pA for alcohols. Prior to the STM experiments, small
droplets (~5 uL) of the respective solution were applied to the
freshly cleaved basal plane (5 x 5 mm?®) of highly oriented
pyrolytic graphite (HOPG).

3. Results and Discussion

TCBPB is comprised of seven phenyl rings and functionalized
with three carboxylic acid groups in a 3-fold symmetric manner.
Its structure is depicted in Figure 1d and can be regarded as a
central phenyl ring which is symmetrically substituted with three
4-biphenylcarboxylic acid entities.

Polymorphic Structures. In a series of STM experiments with
varying TCBPB concentration in heptanoic acid, three crystallo-
graphically different monolayer polymorphs could be distin-
guished. Representative high resolution STM topographs of all three
polymorphic modifications (oblique-I, oblique-II, and displaced
chickenwire) are depicted in Figure 2. Unit cell parameters, as accu-
rately determined by the so-called “split-image™ technique, as well as
number and type of intermolecular hydrogen bonds are summarized
in Table 1. Tentative models of all polymorphic structures based on
STM data are depicted in Figure 3. During the experimental time
span neither phase transitions nor ripening were observed. As further
discussed below, a clear correlation between surface structure and
solute concentration is evident, albeit for diluted solutions (< 10%)
only coexistence of several structures was found.

(13) Lackinger, M.; Heckl, W. M. Langmuir 2009, 25, 11307-11321.
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Figure 2. High resolution STM topographs of all three TCBPB monolayer polymorphs distinguished in this study: (a) oblique-I; (b)
displaced chickenwire (drift corrected); (c) oblique-II intergrown with a single row of displaced chickenwire.

Table 1. Summarized Unit Cell Parameters and Overview over Number and Type of Intermolecular Hydrogen Bonds (per Unit Cell) for Each
Polymorphic Structure”

packing C—-H---0 O—H---0
structure a (nm) b (nm) y (deg) area (nm?) density (nm™?) hydrogen bonds hydrogen bonds
oblique-I 3.6 2.5 81.8 0.22 6 2
oblique-I1 3.8 24 78.3 0.22 4 2
displaced chickenwire 4.2 3.8 59.2 0.15 6 0

“ All three structures incorporate two molecules per unit cell.

Figure 3. Proposed models of the three polymorphs (all models are to scale) with unit cells indicated. In addition, possible configurations for
solvent coadsorption (based on dimerization) within the cavity voids are depicted. The dotted rectangle highlights the displaced TCBPB dimer
motif, the basic unit of all three structures. Dashed purple lines with arrows indicate the row direction and the definition of the dimer axis,
respectively (a) oblique-I structure (o & 90°); (b) oblique-II (left-hand side, o &~ 81°) and displaced chickenwire (right-hand side). This model
illustrates the perfect structural match between oblique-II and displaced chickenwire, and the possibility of the two structures to deliberately

intergrow.

In order to check for the generality of the observed concentra-
tion-induced polymorphism, a series of different solvents was
tested: In dodecane no self-assembled TCBPB monolayers were
observed at all, in full agreement with its solubility being even below
the detection limit of the UV—vis spectrometer. On the other hand,
STM experiments with nonanoic acid and 1-nonanol as solvents
exclusively yielded the oblique-I polymorph, and no concentration-
induced polymorphism was observed for dilutions down to 10%
and 5% saturation, respectively. Below these concentrations self-
assembly of TCBPB was not observed anymore. Interestingly, for
concentrations down to 35% saturation l-undecanol as solvent
resulted either in isolated small patches of the oblique-I polymorph
or disordered but stable molecular aggregates (cf. Supporting
Information Figure S4). For lower concentrations adsorbed mo-
lecules could not be observed anymore. Concentration dependent
emergence of three distinct monolayer structures was exclusively
observed with heptanoic acid as solvent.

10710 DOI: 10.1021/1a101634w

As anticipated, the large aromatic system of TCBPB results in
planar adsorption on graphite. Single molecules can be identified by
means of their 3-fold symmetry and the size match between STM
image and molecular geometry. Planar adsorption is common to all
three polymorphic structures with a dimer, as highlighted in
Figure 3, being the basic motif of all structures. Yet, in contrast
to the commonly encountered head-to-head dimer motifs of car-
boxylic acids, the observed TCBPB dimer is bound in a displaced
geometry. These untypical dimers are associated via two C—H---O
hydrogen bonds, rather than by two equivalent O—H- - - O hydro-
gen bonds as for the commonly encountered configuration. Accord-
ing to the model which was derived form the STM topographs, the
carbon—oxygen distance in the dimer amounts to ~0.25 nm, and
hence lies well within the range of C—H- - - O hydrogen bonds.'*'?

(14) Scheiner, S.; Kar, T.; Gu, Y. J. Biol. Chem. 2001, 276, 9832.
(15) Desiraju, G. R. Acc. Chem. Res. 1996, 59, 441.
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Figure 4. Molecular mechanics simulations of both isolated ideal
and displaced dimers with their corresponding dimensions. Ideal
dimers form two cyclic O—H---O hydrogen bonds, while dis-
placed dimers are associated via two C—H- - -O hydrogen bonds.

The association motif described above is not so common for
carboxylic acids, albeit bulk crystal structures of carboxylic acids
do not always necessarily feature the cyclic 2-fold O—H---O
hydrogen bond between COOH groups. For instance in acetic
acid crystals, the COOH hydroxyl groups form O—H---O
hydrogen bonds, whereas the corresponding carbonyl oxygen
atoms take part in C—H---O hydrogen bonds.'"*”'” Another
example is given by crystalline pyrazinic acid, where the carbonyl
oxygen atoms preferentially take part in heteronuclear C—=H- - -O
hydrogen bonds.*® Although, the formation probability of 2-fold
cyclic O—H- -0 hydrogen bonds is very high for carboxylic
acids, different bonding patterns may still arise."® It is also known
that C(sp’)-H groups can act as weak hydrogen bond donors,
because their acidity is sufficiently enhanced,?’ and in particular
cyclic synthons emerge for this moiety.>> Moreover, the acidity of
H atoms in the ortho position of benzoic acid is enhanced.”®

As compared to the more common head-to-head dimer, the
displaced dimer exhibits nonideal hydrogen bonds, but on the
other hand allows for a higher packing density of molecules on the
surface. Also, the displaced dimer gives rise to chiral monolayers,
animportant difference in comparison to the head-to-head dimer.
Accordingly, both enantiomeric forms have been observed for all
three polymorphs. Interestingly, a very similar tricarboxylic acid
of comparable size resulted in monolayers with head-to-head
dimers at the octanoic acid—graphite interface.>**

Molecular mechanics simulations of both, ideal and displaced
dimers along with the corresponding dimensions are depicted in
Figure 4. According to ab initio calculations the binding enthalpy
for the cyclic 2-fold O—H---O hydrogen bond between two
carboxylic groups amounts to —60 kJ mol ™" (slightly dependent
on functional and basis set?* ") whereas a single C—H---O
hydrogen bond contributes only —4 to —8 kJ mol~'.>*%’ Because

(16) Jones, R. E.; Templeton, D. H. Acta Crystallogr. 1958, 11, 484.
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(21) Steiner, T.; Desiraju, G. R. Chem. Commun. 1998, 1998, 891.
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Figure 5. STM topographs of oblique-I obtained at 10% satura-
tion illustrating commonly observed defects. (a) This topograph
(46 x 41 nm?) demonstrates how the chirality of the displaced
dimer can switch within one row (dotted circle) without major
disturbance of the surrounding network. The dashed oval high-
lights a row of molecules self-assembled in a head-to-head configu-
ration, instead of the commonly found displaced geometry. (b)
Close-up (21 x 18 nm?) of the head-to-head row of dimers showing
how this defect propagates from one row to the adjacent row, by
means of two molecules (highlighted by the arrow) which acquire
intermediate positions.

the strength of a 2-fold cyclic O—H---O hydrogen bond is
considerably enhanced by cooperative effects, a phenomenon
known in the literature as resonance-assisted hydrogen bonding
(RAHB),* the binding energy of the 2-fold cyclic hydrogen bond
is significantly larger than twice the binding energy of a single
O—H- -0 hydrogen bond. RAHB is well established for cyclic
O—H- - -0 hydrogen bonds between two carboxylic groups, but
this cooperative effect is in principle also conceivable for the
two cyclic C—H---O hydrogen bonds of the displaced dimer
(cf. Supporting Information, Figure S5 for a detailed bonding
scheme).*"** Nevertheless, it can be stated that the association
strength of ideal straight dimers is considerably higher than for
the displaced geometry.

The three observed polymorphs differ in the mutual arrange-
ment of the dimers, their unit cell parameters, packing densities,
and hydrogen bond patterns. In the following discussion, the
numbers of hydrogen bonds refer to the primitive unit cells.

In the oblique-I structure, dimers are aligned along rows with
their axis (as defined in Figure 3a) almost perpendicular to the
row. Unit cell parameters of the oblique-I structure amount to
3.6 4 0.2 x 2.5 + 0.2 nm? with an angle of 81.8° 4 4°. According
to the tentative model each dimer is associated with its intrarow
neighbor through two single O—H---O hydrogen bonds. The
binding strength of such a single, nonlinear hydrogen bond is
estimated to be in the order of —8.4 kJ mol~".*** Adjacent rows
of dimers are interconnected by networks of four comparatively
weak C—H- - -O hydrogen bonds, with each bond adding ~—4
to —8 kJ mol ™' to the binding enthalpy.***

Two different types of defects as illustrated in Figure 5 are
commonly observed in the oblique-I structure. The white dotted
circle highlights an area where within a row the dimer chirality

(30) Gilli, G.; Gilli, P. J. Mol. Struct. 2000, 552, 1.

(31) Steiner, T. Chem. Commun. 1997, 1997, 727.

(32) Castellano, R. K. Curr. Org. Chem 2004, 8, 845.

(33) The binding enthalpy of a single straight O—H-:--O hydrogen bond
amounts to —11 kJ mol~'; common force fields approximate the angular depe-
ndence of the binding energy with a cosine function; in this case the angle is ~40°,
consequently the binding energy of this nonlinear hydrogen bond is reduced to
—8.4 kJ mol .

(34) Beck, J. F.; Mo, Y. J. Comput. Chem. 2006, 28, 455.
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changes. Another interesting defect is the occurrence of an
intermingled row of head-to head dimers. The origin of this defect
is not entirely clear: it may be a consequence of an antiphase
domain boundary or may also result from the continuation of a
point defect. Both types of defects can easily be incorporated into
the structure without major disturbances or stress imposed on the
surrounding network. Figure 5b shows how the head-to-head
arrangement propagates from one row to the adjacent row. In
order to facilitate this transition, the two molecules marked by the
arrow, occupy intermediate positions.

The second polymorph distinguished in this study is the
displaced chickenwire structure as depicted in Figure 2b. This
structure can either occur as a single row, as observed in Figure 2c,
or self-assemble into larger domains. The displaced chickenwire
structure is hexagonal within the experimental error and belongs
to the two-dimensional space group P6 which does not exhibit
any mirror or glide planes. The unit cell parameters amount to
4.240.2 x 3.8 4 0.2 nm” with an angle of 59° + 2° and a tentative
model is depicted in Figure 3b. Each TCBPB molecule is inter-
connected to three adjacent molecules through in total six
C—H---0 hydrogen bonds in a 3-fold symmetric manner. The
number of C—H- - - O hydrogen bonds per unit cell also amounts
to six. The displaced chickenwire structure encompasses approxi-
mately circular cavities with an inner diameter of 3.5 nm. The
space group P6 is chiral, and correspondingly, both enantiomeric
forms of the displaced chickenwire structure have been observed
on the surface. It is highly likely that growth of a nucleus into a
chirally pure domain is promoted, since only attachment of
homochiral dimers allows for translational symmetry.*>3

The third structure observed for TCBPB is oblique-IT with unit
cell parameters 3.8 & 0.2 x 2.4 + 0.2 nm” and an angle of 78° +
4.5°. Figure 2c exemplifies the close relation between oblique-IT
and displaced chickenwire. In fact, oblique-II cannot exist in-
dependently from the displaced chickenwire structure (vide infra).
Oblique-I and -II are very similar to each other, with both
structures consisting of linearly aligned dimers. Equally, their
packing densities are nearly identical. Besides all similarities, there
are important differences: In oblique-I1, the angle between the
dimer axis (cf. Figure 3 for a definition) and row axis amounts to
~81°, while in oblique-I it is perpendicular. Second, while the
TCBPB dimers in oblique-I form hydrogen bonds with six
adjacent dimers, in oblique-II, dimers form hydrogen bonds with
only four adjacent dimers. In oblique-II, dimers are intercon-
nected by two O—H-:-O hydrogen bonds within the rows,
whereas in between the rows interaction is mediated by two
C—H- - -O hydrogen bonds. These differences in hydrogen bond-
ing also result in important morphological differences: While
oblique-I exhibits one larger cavity per unit cell, oblique-II
contains both a larger and a smaller cavity per unit cell which
can be understood as the opening of voids in between the rows, as
evident from Figure 3. Yet, since the packing densities of both
structures are so similar, the summed cavity area of oblique-1I has
to be similar to the cavity area of oblique-I. Finally, in contrast to
oblique-I, we have never observed defects in oblique-II, where
adjacent dimers within the same row exhibit different chirality.
The reason is most likely that in oblique-IT such a defect would
seriously disturb or even interrupt the network. Because in
oblique-1I the dimer axis is no longer perpendicular to the row
direction, the rows cannot be continued anymore if one of the
dimers exhibits opposite chirality. The same holds true for the

(35) Miura, A.: Jonkheijm, P.; De Feyter, S.: Schenning, A. P. H. J.; Meijer,
E. W.; De Schryver, F. C. Small 2005, 1, 131.
(36) De Feyter, S.; De Schryver, F. C. J. Phys. Chem. B 2005, 109, 4290.
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Figure 6. Dependence between solute concentration and emer-
gence of the various interfacial monolayer phases of TCBPB in
heptanoic acid (dark colors imply a large weight of the respective
phase). The percentage refers to saturated solutions, where the
solubility in heptanoic acid amounts to 49.3 + 5.3 uM. Only for
concentrations between 10% and 100% oblique-I was observed as
single phase, otherwise phase mixtures were observed, where the
relative weight depends on concentration. For concentrations
below 3% saturation interfacial monolayers could not be observed
anymore. Tested concentrations are 100% (saturation), 50, 20, 10,
7.5,5,4,3,2,and 1%.

displaced chickenwire, where only homochiral domains have been
observed. Moreover, also at the interface of intergrown chicken-
wire and oblique-II the chirality is preserved. In contrast to
oblique-I and displaced chickenwire, no unattached domains of
oblique-II were found in numerous independent experimental
runs. Each oblique-II domain was always associated with at least
one row of the displaced chickenwire structure. As evident from
the model in Figure 3(b) there is an ideal structural match between
oblique-IT and displaced chickenwire. The two structures can
intergrow without strain, provided that the chirality is maintained
across the interface. The fact that pure extended domains of
displaced chickenwire have regularly been observed without any
indications of oblique-IT suggests that the latter phase cannot exist
independently of the displaced chickenwire acting as a nucleus. In
the light of the similarity in packing densities of oblique-I and -I1
and the perfect match between oblique-II and chickenwire,
oblique-II may be considered as an intermediate phase.
Concentration Dependence. The occurrence of the three
distinct phases can be controlled by solute concentration in
solution. The concentration dependence is graphically summar-
ized in Figure 6: from 100% down to 10% saturation, oblique-I
self-assembles exclusively. At a concentration of 7.5%, both
oblique-II and displaced chickenwire start to appear on the
surface, yet in coexistence with oblique-I. With increasing dilu-
tion, i.e. in the range between 7.5% and 3% saturation, the
equilibrium shifts toward the displaced chickenwire structure,
while the percentage of the two oblique phases diminishes. At a
concentration of 5%, oblique-II still dominates over the two other
polymorphs, while at 3% displaced chickenwire is observed
almost exclusively. At concentrations below ~3% saturation,
no self-assembled monolayers could be detected anymore. It is
noteworthy that at these low concentrations, the number of
dissolved molecules in the liquid phase becomes already compar-
able to the number of molecules in the monolayer (cf. Supporting
Information Figure S6 for details). Albeit below 10% saturation
none of the phases has been observed exclusively, a clear correla-
tion between solute concentration and dominance of one of the
monolayer phases has been found: the higher the solute concen-
tration in solution, the higher the packing density of molecules on
the surface. A more gradual increase of average surface packing
density becomes possible through the coexistence of various
phases. For instance, as illustrated in Figure 7, parts a and b,
for concentrations of 5% and 3%, respectively the coexistence of
chickenwire and oblique-II was found. Yet, for the higher solute
concentration of 5% the dominant phase is densely packed
oblique-II, whereas for the lower concentration of 3% the less
dense displaced chickenwire structure dominates. It can clearly be
seen that the intergrown arrangement of displaced chickenwire
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Figure 7. STM topographs acquired at (a) 5%, and (b) 3%
TCBPB concentration. By means of controlling the solute concen-
tration the relative amount of adsorbed monolayer phases can be
influenced. The more diluted solution yielded a higher amount of
the less densely packed chickenwire structure, whereas for the
higher concentration oblique-II dominates. The scale bar applies
to both images. Parts a and b exhibit opposite chirality.

and oblique-II retains the same chirality. Apparently, by varying
the surface content of the two phases the system can continuously
adjust any average surface concentration of molecules between
the packing densities of both structures.

Solvent Coadsorption. Since nanoporous networks expose
pristine substrate to solution, coadsorption of either solute or
solvent molecules within the cavities is to be expected and was
concluded also for other nanoporous systems.'*!'*>* Especially in
the displaced chickenwire structure six free hydroxyl groups of
bordering molecules point into each cavity, resulting in “sticky
cavities”. Hence the host—guest interaction is enhanced, which
could promote coadsorption of guests with hydrogen bond
acceptors. This coadsorption is manifested in the reproducible
observation of contrast features within the cavities, as also
observed for other nanoporous systems at the liquid—solid
interface.” A representative example of internal contrast in the
cavities of the chickenwire structure is depicted in Figure 2c.
Contrast features are not unique for the chickenwire structure,
but were also observed within the cavities of both oblique
structures, as shown in Figure 8 for oblique-I. Because in the
oblique structures the internal contrast features have a striped
appearance which is consistent with the lamella characteristics
observed for alkane derivatives®’ or carbamates with long alipha-
tic chains,** they could be readily associated with assemblies of
heptanoic acid solvent molecules® rather than with TCBPB
molecules. Although, a single stabilizing O—H---O hydrogen
bond between a coadsorbed solvent molecule and the free hydro-
xyl groups in the cavity wall is conceivable, it is more favorable for
heptanoic acid solvent molecules to adsorb dimerized in the
cavities of the three structures as shown in the tentative models
in Figure 3. The proposed adsorption geometry is also in agree-
ment with the contrast features depicted in Figure 8. Interaction
between the free hydroxyl groups of the TCBPB network with
heptanoic acid molecules in a more upright geometry is still
possible. Yet, such an arrangement is difficult to verify by STM
imaging.

(37) Giancarlo, L. C.; Fang, H.; Rubin, S. M.; Bront, A. A.; Flynn, G. W.
J. Phys. Chem. B 1998, 102, 10255.

(38) Kim, K.; Plass, K. E.; Matzger, A. J. Langmuir 2003, 19, 7149.

(39) Kim, K.; Plass, K. E.; Matzger, A. J. Langmuir 2005, 21, 647.
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Figure 8. A representative example of internal contrast features
found within in the cavities of oblique-I with a tentative model of
coadsorbed heptanoic acid molecules. This image was obtained at
4% concentration. Notice that the three structures can coexist at
this concentration.

Thermodynamics. In view of the self-assembled structures of
smaller analogous tricarboxylic acids an important question
arises: Why has the common ideal chickenwire structure based
on head-to-head dimers never been observed for TCBPB mole-
cules, but only the displaced chickenwire structure? Since many
studies on 2D interfacial self-assembly conclude that the mono-
layers are in thermodynamical equilibrium with the supernatant
solution,**~* in the following it is argued that thermodynamics
favors the displaced rather than the ideal chickenwire structure
for this large aromatic tricarboxylic acid. In general, the driving
force for self-assembly is the associated minimization of Gibbs
free energy which in this case is composed of an enthalpic gain
and an entropic loss. The enthalpic gain arises from attractive
adsorbate—substrate and adsorbate—adsorbate interactions, while
entropy is generally diminished when molecules associate or adsorb
on a surface.

Estimates of the enthalpic gain per molecule AH were obtained
from a combination of molecular mechanics (MM) simulations
based on the Dreiding force field with literature values for
intermolecular interaction energies. The molecule—substrate in-
teraction was estimated by MM, while for intermolecular hydro-
gen bonds literature values were considered. According to MM
results, the enthalpy of adsorption of a single TCBPB molecule on
graphite amounts to —392 kJ mol . In the displaced chickenwire
structure each molecule is interconnected with three adjacent
molecules by in total six hydrogen bonds, where each bond adds
about —6 kJ mol™" when a possible RAHB stabilization is not
taken into account.”** Consequently the total average molar
binding enthalpy in the displaced chickenwire structure amounts
to AH = =392 kJmol™" + 0.5 x 6 x =6 kI mol™' = —410 kJ
mol ™!, where the factor 0.5 corrects for double counting of
pairwise intermolecular interactions. The same procedure pro-
vides AH for oblique-I (—418.4 kJ mol™"), oblique-IT (—415 kJ
mol™ "), and ideal chickenwire (—482 kJ mol™"). For the latter

(40) Kampschulte, L.; Werblosky, T. L.; Kishore, R. S. K.; Schmittel, M.;
Heckl, W. M.; Lackinger, M. J. Am. Chem. Soc. 2008, 130, 8502.

(41) Lei, S.; Tahara, K.; De Shryver, F. C.; Van der Auweraer, M.; Tobe, Y.; De
Feyter, S. Angew. Chem., Int. Ed. 2008, 47, 2964.

(42) Stabel, A.; Heinz, R.; Schryver, F. C.; Rabe, J. P. J. Phys. Chem. 1995, 99,
20s.

(43) Eichhorst-Gerner, K.; Stabel, A.; Moessner, G.; Declerq, D.; Valiyaveettil,
S.; Enkelmann, V.; Miillen, K.; Rabe, J. P. Angew. Chem., Int. Ed. Engl. 1996, 13 -
14,1492,
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Table 2. Comparison of Molecular Packing Densities, Entropic Costs As, Enthalpic Gains A/, and Free Energies Ag per Unit Area of the Three
Experimentally Observed and One Hypothetical TCBPB Polymorphs for Two Different Concentrations (Saturated Solution vs Diluted Solution at
4% Saturation)”

packinag dcnjsily —TAs () cm™)

—TAs (uJ cm™) Ah

Ag = Ah— TAs Ag = Ah— TAs

structure (10" em?) saturated” 4% saturated” (Whem?)  (uJ em?)saturated  (uJ em™®) 4% saturation
displaced chickenwire 0.15 +2.88(+2.91) +3.08(+3.13) —10.21 —=7.33(—7.30) —=7.13(—7.08)
ideal chickenwire 0.10 +1.92(+1.97) +2.05(+2.11) —8.00 —=6.08(—6.03) —=5.95(—5.89)
oblique-1 0.22 +4.22 (+4.22) +4.52(+4.59) ~15.28 ~11.06(~11.06) —10.77(~10.69)
oblique-11 0.22 +4.22 (+4.22) +4.52(+4.59) —15.16 —10.94(—10.94) —10.64(—10.57)

“The entropic contribution to the free energy —7As was evaluated at room temperature (300 K) and considers translational and rotational entropy.
The total binding enthalpy A/ contains contributions from molecule—molecule and molecule—substrate interactions. For molecule—molecule
interactions only hydrogen bonds were considered and van der Waals contributions neglected. Arca normalized values were derived by multiplying
molar quantities with molecular packing densities as obtained from STM (displaced chickenwire, oblique-I and -1I) or MM data (ideal chickenwire).
b For values in parentheses the concentration change upon self-assembly has been included (cf. Supporting Information), whereas for the other values the

loss of translational entropy has been estimated based on eq 1.

structure the ab initio value of —60 kJ mol ™" was employed for the
binding enthalpy of straight 2-fold O—H - - - O hydrogen bonds.>"**
The packing density of this hypothetical polymorph was esti-
mated by MM simulations of a single six membered ring which
result in a hexagonal lattice with @ = 4.7 nm, and consequently a
packing density of 0.10 nm™~.

In the following a molecule based approach proposed by
Whitesides et al. is used to estimate the entropic loss of self-
assembly.** Upon adsorption from solution, molecules comple-
tely lose their rotational and translational entropy. For conforma-
tionally rigid molecules like TCBPB, the loss of conformational
entropy can be neglected. Likewise, vibrational entropy does not
change significantly during self-assembly and can also be ignored.
Translational and rotational entropy of soluted molecules can be
estimated by the following equations:**

L 2mleTes
S{r(ms = Rln _(+) (1)
¢ h
3/2
72 (82%ky T
Sr(u‘ = Rln T}} (%) (1]1213)”2 (2)

Here, R is the gas constant, 7" the temperature, kg is Boltzmann’s,
and /£ Planck’s constant while e is Euler’s number, m denotes the
solute’s mass, and ¢ is its concentration. In order to avoid
overestimation of translation entropy, the concentration refers
to the free volume of the solvent (32 mL for 1 L of heptanoic acid)
as obtained by the hard cube approximation.** Furthermore, y is
related to the symmetry of the solute molecule, while 7, I, and 5
are its principle moments of inertia. According to the equations
above, the loss of rotational entropy per adsorbed molecule is
independent of concentration, whereas the loss of translational
entropy per molecule as derived from the Sackur—Tetrode
equation depends inversely logarithmic on concentration. Con-
sequently, the total entropy change per adsorbed molecules, as
given by the sum of rotational and translational entropy, depends
on concentration and increases with dilution.

Because of the relatively low solubility of TCBPB in heptanoic
acid, the amount of dissolved molecules in 5 uL becomes
comparable to the amount of molecules in 5 x 5 mm? of a
monolayer, especially for diluted solutions. Thus, the concentra-
tion can already decrease significantly upon self-assembly of a
monolayer, and eq 1 underestimates the loss of translational

(44) Mammen, M.; Shakhnovich, E. 1.; Deutch, J. M.; Whitesides, G. M. J. Org.
Chem. 1998, 63, 3821.
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entropy per molecule. A more accurate expression for loss of
translational entropy which also includes changes of the concen-
tration upon self-assembly is provided in the Supporting Infor-
mation (eqs SI and S2). However, as evident from Table 2,
concentration changes during self-assembly result only in minor
corrections.

Since the surface coverage in these experiments is always close
to unity, we refer to the free energy per unit area Ag = AG/A.
Combining the total entropic cost AS = AS,...; + AS,,, with
STM derived molecular packing densities allows to estimate
entropic cost per unit area As = AS/A. Similarly, multiplication
of AH with packing density allows to estimate the enthalpic gain
per unitarea Ah = AH/A. Summation of — TAs with Al results in
the free energy per unit area Ag. Values for the three experimen-
tally observed structures and the hypothetical ideal chickenwire
structure are provided in Table 2 for two different solute con-
centrations.

According to these estimates of Ag, the experimentally ob-
served displaced chickenwire polymorph is thermodynamically
more stable than the anticipated hypothetical ideal chickenwire
structure. The decisive reason is that for such a large aromatic
molecule as TCBPB the interaction with the substrate becomes
relatively strong, and a higher packing density facilitates signifi-
cantly larger Ah from adsorption. This major enthalpic advantage
cannot be compensated by the comparatively small enthalpic
advantage offered by formation of two ideal O—H- - - O hydrogen
bonds which would lead to a significantly lower packing density.
From this pure enthalpic consideration the displaced chickenwire
structure is more favorable. But even when the increased entropic
cost of the displaced chickenwire structure due to its higher
packing density is taken into account, it still remains thermo-
dynamically more stable than the ideal chickenwire structure.

Similarly, Ag values were evaluated for both oblique structures.
According to this consideration, the oblique-I structure should be
the thermodynamically most stable independent phase, consistent
with the experimental observation for higher concentrations.
From Table 2 it becomes also obvious that at lower concentra-
tions, the increased translational entropy cost diminishes Ag of
the densely packed oblique structures more seriously than for the
less densely packed chickenwire structures. Yet, according to
these estimates even for dilute solutions, Ag of oblique-I remains
more favorable than for the displaced chickenwire structure,
posing the question, how can the emergence of the displaced
chickenwire polymorph be explained by this thermodynamical
model.

In general, coexistence of different monolayer polymorphs
over a wide concentration range is a clear experimental indication
for similarity of the respective Ag values.*' In order to rationa-
lize the thermodynamical stability of the displaced chickenwire
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structure, further contributions to Ag have to be included. One
conceivable additional contribution arises from cooperative effects
of cyclic 2-fold C—H- - -O hydrogen bonds as already discussed
above. The cyclic arrangement of the two C—H---O hydrogen
bonds allows for resonance assisted hydrogen bonds, similar to the
cyclic O—H- - - O hydrogen bond between carboxylic groups, and
RAHB has also been theoretically predicted for weaker C—H- - -O
hydrogen bonds.*!**> The fact that all observed structures share the
displaced dimer as basic unit can be seen as experimental indica-
tion for a relatively high stability of this arrangement. Since the
displaced chickenwire structure features three pairs of possibly
RAHB stabilized C—H- - -O hydrogen bonds per unit cell, con-
sideration of this cooperative effect increases the thermodynamic
stability of displaced chickenwire with respect to oblique-I.

Second, additional enthalpic contributions from solvation
significantly affect the Ag values, and therefore the relative
stabilities of distinct monolayer phases. The reference state for
our enthalpy estimates are single isolated molecules in vacuum.
Yet, upon self-assembly of interfacial monolayers, solute mole-
cules adsorb from the liquid phase where they are dissolved and
solvated. The associated solvation enthalpy considerably lowers
the effective binding enthalpy, however, this additional enthalpic
contribution is very difficult to assess. For tricarboxylic acids
dissolved in fatty acid solvents, it is reasonable to assume that
each carboxylic group of the solute molecules is saturated by a
2-fold hydrogen bond. Thus, a lower limit for solvation enthalpy
is —180 kJ mol ', i.e. three times the binding enthalpy of a 2-fold
O—H- -0 hydrogen bond. Since solvation significantly reduces
the effective enthalpy of adsorption per molecule, this additional
contribution weakens the enthalpic gain of densely packed
structures more seriously than that of less densely packed struc-
tures. Consequently, inclusion of the solvation enthalpy further
increases the thermodynamical stability of the displaced chick-
enwire structure with respect to oblique-1I.

Both RAHB of cyclic C—H - - - O hydrogen bonds and enthalpic
contributions from solvation are in principle able to explain the
concentration dependent crossover between oblique-I and dis-
placed chickenwire on thermodynamic grounds, while both poly-
morphs still remain thermodynamically more stable than the ideal
chickenwire structure. It is noteworthy, that the applied method of
molecule based estimation of enthalpic gains and entropic losses is
not sufficiently precise to exactly reproduce concentration depen-
dent crossovers. Nevertheless, our results reproduce a generally
observed trend for concentration induced monolayer polymorph-
ism at the liquid solid interface: higher solute concentrations lead
to more densely packed monolayer polymorphs. In two recent
works by de Feyter et al. and Behm et al. this trend could likewise
be explained by thermodynamic models.**

Although it is rather complex and challenging to establish a
rigid quantitative thermodynamic model for monolayers at the
liquid—solid interface, the proposed method at least allows
understanding and reproducing trends. In the present case the
thermodynamical preference of more densely packed polymorphs
over a structure where specifically the intermolecular hydrogen
bonds are optimized can be explained.

4. Conclusion

In this work, three different monolayer polymorphs emerged
upon adsorption of the enlarged tricarboxylic acid TCBPB from
heptanoic acid solution on a graphite surface. All three poly-
morphs share the same dimer motif as building block and are

(45) Meier, C.; Roos. M.; Kiinzel, D.; Breitruck, A.;: Hoster, H. E.; Landfester,
K.; Gross, A.; Behm, R. J.; Ziener, U. J. Phys. Chem. C 2010, 114, 1268.

Langmuir 2010, 26(13), 10708-10716

Article

nanoporous; i.e., they exhibit a periodic arrangement of cavities.
Contrary to monolayer structures observed for smaller tricar-
boxylic acids, here the dimers are not associated through two
strong cyclic O—H---O hydrogen bonds but by two weaker
C—H-- -0 hydrogen bonds. This results in a displaced geometry
and gives rise to chirality, a phenomenon which has not been
encountered before for monolayers of aromatic tricarboxylic
acids. Also, the displaced dimer geometry is definitely suboptimal
in terms of intermolecular hydrogen bonds, but facilitates higher
packing density, and thus a larger contribution from stabilizing
molecule—substrate interactions.

During the course of concentration dependent experiments a
positive correlation between solute concentration and average
surface packing density could clearly be established. For any
concentration below 10% saturation only coexistence of all phases
was observed, yet, the relative weight of each phase depends on
concentration. Interestingly, the two oblique polymorphs exhibit
almost identical packing density whereas the displaced chicken-
wire structure is significantly less dense. Oblique-I is an indepen-
dent phase, whereas oblique-II was only observed in conjunction
with the chickenwire polymorph. The latter two phases feature
perfect structural match and can intergrow without strain, thereby
providing a possibility to continuously tune the average packing
density between those of the pure phases.

The preference of the observed displaced chickenwire structure
over the hypothetical ideal chickenwire structure can be under-
stood on thermodynamical grounds: Gibbs free energies per unit
area Ag were evaluated for all polymorphs. The entropic cost
arises from losses of translational and rotational entropy, and was
evaluated by established methods. The enthalpic gain was esti-
mated by combining literature values for intermolecular hydro-
gen bond energies with a molecular mechanics derived adsorption
energy. According to these estimates the hypothetical ideal
chickenwire is thermodynamically less favorable than the experi-
mentally observed displaced chickenwire structure. Yet, both
densely packed oblique structures are thermodynamically more
stable than the displaced chickenwire structure, even at lower
concentrations, where the cost due to translational entropy is
increased. However, if enthalpic contributions from solvation and
cooperative effects of cyclic C—H---O hydrogen bonds are
included, the displaced chickenwire can become the thermody-
namically favored polymorph at low concentrations. Thermo-
dynamics of molecular monolayers at the liquid—solid interface is
a complex problem. For the complete picture, the solution
definitely needs to be included. For that reason this problem is
difficult to address by atomistic simulations because of the large
system size. Nevertheless, semiquantitative considerations as
applied in the present case have the potential to at least provide
a basic understanding of the main contributions to Gibbs free
energy of adsorption and their dependence on external para-
meters as concentration and temperature.

A major lesson to be learnt from this study is that structure
prediction cannot exclusively be based on formation of ideal
intermolecular hydrogen bonds. In particular, for larger com-
pounds, the relative enthalpic weight of other contributions as
molecule—surface interactions becomes increasingly important
and formation of ideal hydrogen bond patterns is not the most
important criterion.
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synthesis and NMR characterization of TCBPB, addi-
tional STM topographs, detailed hydrogen bonding
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scheme, comparison of number of molecules in solution
and for monolayer, and translational entropy for con-
centration changes. including a scheme showing the
synthesis and figures showing the NMR spectra, STM
topography, bonding patterns, and plot of the number of
TCBPB molecules vs relative concentration. This mate-
rial is available free of charge via the Internet at http://
pubs.acs.org.
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(1) Synthesis of 1,3,5-tris[4 -carboxy(1,1 -biphenyl-4-yl)|benzene (TCBPB)

'"H NMR and “C NMR were recorded on a Bruker Avance 400 MHz spectrometer using the
deuterated solvent as the lock and residual solvent as the internal reference. NMR
measurements were carried out at 298 K. The following abbreviations were utilized to
describe peak patterns: s = singlet and d = doublet. The numbering of the carbon atoms of the
molecular formula shown in the experimental section is only used for the assignments of the
NMR signal and is not in accordance with the [UPAC nomenclature rules. The melting point
was measured on a Biichi SMP-20 and the infrared spectrum recorded using a Varian 1000

FT-IR instrument. Elemental analysis measurement was done using a EA 3000 CHNS.

Br
|

5 7\ = (0] CF4S04H _ O i) n-BuLi, THF
d . N/ Toluene, reflux, 36 h i) CO,
RS
7 L0 :
Br 75% Br H
OH TCBPB o

Scheme S1. Synthesis of 1,3,5-tris[4 -carboxy(1,1 -biphenyl-4-yl)]benzene (TCBPB).

1,3,5-Tris(4 "-bromobiphenyl-4-yl)benzene was synthesized according to a known procedure.'

Synthesis of 1,3,5-Tris[4 -carboxy(1,1 °-biphenyl-4-yl)]benzene (TCBPB): In an oven-
dried three-neck round-bottomed flask 1,3,5-tris(4"-bromobiphenyl-4-yl)benzene (2.01 g, 2.61
mmol) was loaded under nitrogen atmosphere. After addition of dry THF (120 mL), n-BuLi
(6.30 mL, 15.8 mmol) was added slowly at —60 °C to =70 °C over a period of 30 min. The
resultant green solution was stirred for another 6 h at the same temperature. CO, gas was
passed through the reaction mixture over a period of 30 min maintaining the temperature
unchanged. Thereafter, the reaction mixture was allowed to warm up to room temperature
with slow purging of CO; gas. Excess of n-BuLi was neutralized using water. The salts were
acidified using acetic acid furnishing a clear solution. After removal of THF under reduced
pressure a white precipitate was obtained which was filtered off and was dried inside a

desicator. Yield 92%; mp > 260 °C; 'H NMR (400 MHz, THF-ds) & 7.82 (d, /=84 Hz 6 H,
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d-H), 7.86 (d, *J = 8.4 Hz, 6 H, [b/c]-H), 7.95 (d, °J = 8.4 Hz, 6 H, [b/c]-H), 8.03 (s, 3 H, a-
H), 8.12 (d, °J = 8.4 Hz, 6 H, e-H); °C NMR (100 MHz, THF-ds) & 125.7, 127.5, 128.4,
128.6, 130.9, 131.1, 140.2, 141.6, 142.8, 145.5, 167.4; IR (KBr) v 3330-2400, 1683, 1606,
1420, 1271, 1179, 1101, 1004, 822, 772 cm™"; Anal. Calcd. for C4sH30¢*H,0: C, 78.93; H,
4.71. Found: C, 78.94; H, 4.34.
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Figure S2. 'H NMR spectrum (400 MHz, THF-ds, 298 K) of TCBPB
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Figure S3. °C NMR spectrum (100 MHz, THF-ds, 298 K) of TCBPB.
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(2) Additional STM topographs

Figure S4 Representative STM topograph (40 x 40 nm?2) of the disordered structure found for
concentrations between 100% and 35% saturation in 1-undecanol solutions. This image was

obtained at a concentration of 35% saturation.

(3) Hydrogen Bond Pattern for displaced Dimers

Figure S5 Bonding pattern of the cyclic two-fold C-Hee*O hydrogen bond between displaced
TCBPB dimers. By a cooperative effect known in the literature as “resonance assisted
hydrogen bond” (RAHB), the binding energy of cyclic hydrogen bonds is significantly

enhanced as compared to twice the binding energy of a single hydrogen bond.
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(4) Number of molecules in solution vs. monolayer

Molecules in

Spl solution
1.2x10"

13
1.1x10 Enough molecules for all structures
9.0x 10"
7.5x10"

12
6.0 x 10- i -
45x10" Enough molecules for displaced chickenwire only
" e 36%10"

. -

; P
1.5x10 : Not enough molecules for any structure

8 _

0 1 2 3 4 5 6 7 8

% concentration

Figure S6 Number of TCBPB molecules in 5 uL. TCBPB in heptanoic acid solution as a

function of relative concentrations between 1 % and 8 % saturation. For full coverage of a 5 x

5 mm? HOPG crystal surface, oblique-I and —II require 5.6 x 192 molecules, whereas

displaced chickenwire requires only 3.6 x 10"* molecules. Accordingly, if all dissolved

molecules were adsorbed on the surface, for concentrations above ~3.7 %, the oblique phases

should have been observed exclusively. However, between 3 % and 7.5 %, all three phases

were found in coexistence. The dashed lines indicate the experimental error of the

concentration measurement. Notice that below ~2.5 %, no self-assembled structure of TCBPB

was found, although the number of dissolved molecules would still be sufficient to at least

partly cover the surface.
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(5) Translational entropy loss for changing concentrations

The following expression allows evaluation of the loss of translational entropy for the case

that the solute concentration changes markedly upon self-assembly:

AS

trans
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h
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N, -In V 27r-m-12cBT-e-
0 h

h2

1| W

(S

(82)

Here Nj denotes the number of molecules in solution before self-assembly, AN the number of

molecules adsorbed during self-assembly of a monolayer, and the actual concentration ¢ is

expressed as number of molecules N in the solution volume V, i.e. ¢ = N/V.

For instance self-assembly of an oblique-I monolayer (5 puL solution on 0.25 cm’ substrate)

causes a rotational entropy loss of 0.168 kJ K, whereas the loss of translational entropy

amounts to 0.217 kJ K for saturated solution and increases to 0.244 kJ K™ for a diluted

solution at 4% saturation.

[1] J.Lu, Y. Tao, M. D%iorio, Y. Li, J. Ding, M. Day, Macromolecules 2004, 37, 2442,
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ABSTRACT: Self-assembly and surface-mediated reactions of
1,3,5-tris(4-mercaptophenyl )benzene—a three-fold symmetric
aromatic trithiol—are studied on Cu(111) by means of scan-
ning tunneling microscopy (STM) under ultrahigh-vacuum
(UHV) conditions. In order to reveal the nature of intermole-
cular bonds and to understand the specific role of the sulzstrat)e :
for their formation, these studies were extended to Ag(111).

Room-temperature deposition onto either substrate yields den- SAM 2D MOFs

sely packed trigonal structures with similar appearance and lattice parameters. Yet, thermal annealing reveals distinct differences
between both substrates: on Cu(111) moderate annealing temperatures (~150 °C) already drive the emergence of two different
porous networks, whereas on Ag(111) higher annealing temperatures (up to ~300 °C) were required to induce structural changes.
In the latter case only disordered structures with characteristic dimers were observed. These differences are rationalized by the
contribution of the adatom gas on Cu(111) to the formation of metal-coordination bonds. Density functional theory (DFT)

methods were applied to identify intermolecular bonds in both cases by means of their bond distances and geometries.

M INTRODUCTION

In the past years a great structural and chemical variety of
surface-supported metal—organic networks has been demon-
strated by combining appropriately functionalized organic build-
ing blocks with various coordinating metals." While some of
the coordination complexes utilized for surface-confined systems
were already well-known from bulk systems, other coordination
numbers and geometries are unique to surface-supported net-
works. Concerning the intermolecular bond strength, and thus
the overall stability of the structures, metal—organic networks
occupy an intermediate position between hydrogen-bonded
networks and covalent organic frameworks.'* Yet, since metal-
coordination bonds are reversible under commonly applied
growth conditions, the preparation of long-range ordered net-
works becomes feasible. The motivation of this work is to extend
the tool box of functional groups for the design of surface-
supported metal—organic networks to thiol groups and under-
stand the formation kinetics and topological properties of
thiolate—metal complexes. To this end we designed and synthe-
sized a highly symmetric aromatic trithiol molecule and studied
its self-assembly and surface-supported reactions by means of
scanning tunneling microscopy on a Cu(111) surface, which is
known to inherently supply copper coordination centers from

v ACS Publications ©)2011 American Chemical Society

its free adatom gas.” To clarify the specific role of the substrate,
similar experiments were also conducted on Ag(111). Thiolate—
copper coordination bonds are of particular interest because of
their electronic conjugation which allows electronically coupling
of molecular units by thiolate—copper—thiolate bonds.*> One
conceivable application of copper—thiolate complexes hence lies
in the field of molecular electronics, where reliable tools are
required for interconnection of molecular entities in an atom-
ically defined manner without perturbing or interrupting electro-
nic conjugation.

B EXPERIMENTAL DETAILS

All samples were prepared and characterized in an ultrahigh-vacuum
chamber (base pressure <5 x 10~ '* mbar) equipped with an Omicron
VT scanning tunneling microscope (STM). Cu(111) single crystals
were prepared by subsequent cycles of Ar " -ion sputtering and annealing
at 820 K. Additional low energy electron diffraction (LEED) experi-
ments for further characterization of the precursor structure were carried
out in a separate UHV system equipped with standard preparation
facilities and LEED optics from Omicron. LEED measurements were

Received:  February 8, 2011
Published: May 02, 2011

7909 dx.doi.org/10.1021/ja200661s | J. Am. Chem. Soc. 2011, 133, 7909-7915

114



Journal of the American Chemical Society

Figure 1. (a) TMB fully deprotonates upon room temperature adsorption on reactive copper surfaces forming a surface-anchored trithiolate. (b) STM
topograph of as-deposited TMB on Cu(111) acquired at room temperature (I = 185 pA, Uy =0.79'V, 10 x 10 nm? a=b=130nm, y =120°, unit cell
indicated by dashed white lines). The densely packed trigonal structure contains one molecule per unit cell. (c) Tentative model of the densely packed
trithiolate structure including the Cu(111) substrate. While the azimuthal orientation of the TMB-derived trithiolates with respect to the substrate
directions can be inferred from the experiment, the precise adsorption site is not known.

carried out at a sample temperature of ~50 K maintained by a closed-
cycle helium cryostat. 1,3,5-Tris(4-mercaptophenyl)benzene (TMB)
was thermally evaporated from a home-built Knudsen cell with crucible
temperatures around 145 °C. During deposition and STM imaging the
substrate was held at room temperature. STM images were acquired
at room temperature and processed by line-wise leveling and 3 x 3
Gaussian filtering.

B RESULTS AND DISCUSSION

In this work, adatom-mediated coordination of TMB
(cf. Figure 1a) on Cu(111) into two-dimensional (2D) metal—
organic networks based on thiolate—copper coordination bonds
is presented. Bulk synthesis already yielded copper—thiolate
metal—organic frameworks (MOF)®> and linear polymeric
structures.” While surface-confined coordination networks based
on copper—carboxylate coordination bonds have been reported
by several groups,ld’u”5 to our knowledge, this type of interlink-
ing chemistry has not been utilized for surface-supported 2D
systems. We demonstrate that upon thermal annealing an initial
precursor structure is converted into copper—thiolate coordi-
nated networks mediated by the free-adatom gas of the Cu(111)
surface. Interestingly, the thiolate—copper complexes found
in this study contain copper dimers which coordinate two
thiolates. In bulk MOFs, interconnects typically consist of single
metal atoms as coordination centers. In the proposed system
the coordinating metal dimers are additionally stabilized by
adsorption on the surface, possibly rendering them unique for
surface-confined systems.

In a first preparation step TMB is deposited by thermal
sublimation under ultrahigh-vacuum (UHV) conditions on
Cu(111) at room temperature and characterized by means of
in situ STM and LEED. Figure 1b depicts an STM topograph of
the resulting self-assembled densely packed trigonal structure
with an STM-derived lattice parameter of (1.30 £ 0.05) nm.
Accompanying LEED measurements (cf. Supporting Informa-
tion) aid to identify the monolayer as a commensurate 34/3 X
34/3 R30° superstructure. Upon adsorption on reactive metal
surfaces thiols deprotonate and become thiolates which are
anchored by sulfur—metal bonds.® Both the size of the unit cell
and the three-fold symmetric appearance of adsorbed TMB in
STM topographs substantiate the assumption that TMB fully

deprotonates on Cu(111) and forms three covalent S—Cu bonds
with the substrate; a tentative model of the precursor structure is
depicted in Figure lc. However, the formation of a densely
packed monolayer indicates a non-negligible contribution from
intermolecular interactions for structure formation. While the
azimuthal orientation of TMB within the unit cell and with
respect to the substrate can be inferred from STM topographs, its
absolute adsorption position with respect to the copper substrate
remains unknown. Interestingly, the TMB-derived trithiolate
molecule is also commensurate with the substrate; i.e. for its
actual azimuthal orientation all sulfur atoms reside on similar
adsorption sites and can thus simultaneously optimize their
interaction with the substrate. Covalent anchoring by three
peripheral sulfur groups stabilizes a planar adsorption geometry
of TMB on Cu(111), whereas monothiolates tend to adsorb
upright,‘Sd’7 or inclined, as it is the case for halogen-substituted
thiophenols.®

In a second preparation step, thermal annealing at 160—
200 °C for ~10 min converts the self-assembled trithiolate
monolayers into two polymorphs which are both identified as metal —
organic coordination networks. STM topographs of both metal-
coordinated polymorphs are depicted in Figure 2. Conversion of
the initial precursor structure into 2D metal-coordinated net-
works is accompanied by substantial reorientation and reposi-
tioning of TMB molecules, but most importantly by introducing
intermolecular copper—thiolate coordination bonds.

The effect of annealing is 2-fold: First lateral mobility of the
trithiolate species is enhanced. Second, the area density of the
free copper adatom gas is greatly increased, whereby a sufficient
amount of highly mobile coordination centers is supplied.

The influence of a 2D adatom gas has been recognized as an
important contribution to the surface chemistry of metals.” The
adatom gas originates from a temperature-dependent evapora-
tion/condensation equilibrium at step-edges. At lower tempera-
tures, processes with lower activation energies are dominant,
i.e. mass transport along step-edges. For higher temperatures
mass exchange between step-edges and terraces is the dominant
process'® leading to a drastic increase of the free adatom
concentration already at moderate temperatures of ~3500 K."'
Conversion of initially intermolecular hydrogen-bonded net-
works into metal—organic networks on Cu(111) in this
temperature range have similarly been reported by Matena™
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Figure 2. (a) STM topograph of honeycomb structure with unit cell indicated (Uy = —1.0 V, It = 67 pA, 24 X 24 nm’, a = b = 3.4 nm, y = 120°) and
(b) close-up (6.5 x 6.5 nmz) of honeycomb structure with molecular model. (c) Tentative model of the honeycomb structure including the substrate;
the hexagonal unit cell is indicated by black dashed lines. (d) STM topograph of dimer row structure with unit cell indicated (U = —0.8 V, I = 121 pA,
18 X 18 nm? a=2.2nm, b=6.6nm, ¥ =90°) and (e) close-up (6.9 nm x 6.9 nm?) of dimer row structure with molecular model. Protruding features are
observed in the STM contrast at the center of a dimer (marked by the dashed circle) and hint toward metal coordination. (f) Tentative model of the
dimer row structure including the substrate; the rectangular unit cell is indicated by black dashed lines.

and Pawin.” In the latter work, annealing at lower temperatures leads
to a partially hydrogen-bonded and partially metal-coordinated poly-
morph. As already mentioned above for TMB, two different
metal-coordinated networks, a hexagonal honeycomb and a centered
rectangular dimer row structure emerge. In both structures copper
adatoms coordinate TMB molecules via their thiolate groups.

The hexagonal honeycomb structure (Figure 2a—c) has a
lattice parameter of 3.4 nm and belongs to the plane space group
p6mm. The second structure is less symmetric (c2mm) and is
composed of rows of dumbbell-shaped dimers (Figure 2e—f).
Adjacent dimer rows are offset by exactly half a lattice parameter
exactly along the row axes, resulting in a rectangular centered
nonprimitive unit cell. During the conversion of the densely
packed precursor structure into the porous networks, entrap-
ment of excess TMB molecules within the pores occurs fre-
quently and gives rise to additional contrast features within the
pores as evident from Figure 2. This observation is in accord
with other experiments on periodic and irregular porous
surface-supported networks where molecules, either deposited in
excess, captured during structure formation,'"* or additionally
deposited'?, were likewise trapped within the pores.

The honeycomb and dimer row structure were observed in
coexistence as shown in Figure 3. The relative ratio of both
phases slightly depends on the initial coverage of the precursor
structure, with a preference for the more densely packed dimer
row structure at higher coverages. It is noteworthy that the
morphology of the two metal-coordinated TMB polymorphs
resembles those of rubrene monolayers both on (110) and (111)
copper surfaces'® and Au(111)."° Yet, despite the similar appear-
ance of rubrene vs TMB monolayers in STM topographs, their

Figure 3. Overview STM topograph illustrating the coexistence of
both phases (Ur = —1.64 V, I = 66 pA, 116 x 116 nm*) on Cu(111).
Red arrows indicate first occurrence of degraded molecules starting to
appear at annealing temperatures around 220 °C. White arrows indicate
crystallographic directions of the substrate.

self-assembly is notably different. In the gas phase rubrene is
highly nonplanar and even remains nonplanar after adsorption.
TMB, on the other hand, is slightly nonplanar in the gas phase
due to an out-of-plane rotation of its peripheral mercaptophenyl
units with respect to the phenyl ring at the center. However, the
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Figure 4. DFT geometry optimized intermolecular bonding schemes
for interconnected phenylthiolates via (a) one-center trans-coordination
syn-conformation (o = §7°), (b) one-center trans-coordination anti-
conformation (x-offset = 8.0 A, y-offset = 4.1 A), (c) two-center
coordination bond (x-offset = 9.8 A, no y-offset), (d) covalent coupling
via disulfur-bridge (x-offset = 7.0 A, y-offset = 1.9 A). For all bonds,
the center-to-center distance of the phenyl groups (x-offset) and the
perpendicular axial offset (y-offset) respectively are given in parentheses.

mirror symmetric STM appearance of TMB in all observed
structures suggests that it becomes planar upon adsorption due
to interactions with the substrate. Also the pronounced chirality
of rubrene affects its self-assembly and leads to the expression of
chiral structures and aggregates,] while no indication of chirality
is discernible in any of the TMB structures. Lastly, the interac-
tions which drive self-assembly are distinctly different for rubrene
and TMB. In the precursor structure of TMB, covalent bonds
between sulfur and copper play an important role, whereas after
the phase transition metal coordination becomes the predomi-
nant interaction. On the other hand, these types of interactions
are absent in rubrene self-assembly, where van der Waals inter-
actions, higher multipole electrostatic interactions, and substrate-
mediated interactions govern structure formation.'®

For a fundamental understanding of the thiolate—copper
coordination bonds, DFT calculations (cf. Supporting Informa-
tion for details) have been performed of the connecting nodes,
modeled by two phenylthiolates and corresponding copper
centers. Four different intermolecular bonding schemes were
considered: metal-coordination bonds mediated by one or
two copper atoms, and a covalent disulfur bridge. Motivated
by experimental results on thiolate—gold complexes'’ both
syn—trans and anti—trans arrangements were taken into account
for the one-center coordination bonds. To reduce the computa-
tional cost only the outer phenylthiolate parts were simulated,
and for ease of calculations the explicit substrate influence has
been neglected in this first approximation. Typically, intermole-
cular bond lengths of adsorbed systems are altered in comparison
to the gas phase, but these differences are normally small and,
especially for large entities, often below the accuracy of STM
measurements. DFT results on these simplified model systems
are depicted in Figure 4. Major findings can be summarized as
follows. Only two-center coordination bonds facilitate linear
interconnection. One-center coordination bonds and covalent
disulfur bridges both result in lateral offsets perpendicular to the
bond axis.

The one-center anti conformational arrangement and the
disulfur bridge result in a lateral bond offset of ~4.1 A and
~1.9 A, respectively. These lateral offsets are sufficiently large
to be identifiable in STM topographs. In the one-center syn
conformational assembly the molecular axes include an angle
of 57°, which is significantly larger than the 35° reported for

Au-coordinated methylthiolate by Voznyy and co-workers."”
This can readily be explained by steric repulsion, being more
pronounced for the bulky phenyl ligands as compared to that for
methyl groups.

According to DFT results, the total binding energy of two-
center coordination complexes is strongest with a value of
555 kJ/mol. Total binding energies of trans—syn (394 kJ/mol)
and trans—anti (397 kJ/mol) one-center coordination com-
plexes are comparable, but notably lower than for the two-center
complex. The covalent disulfur bridge is the weakest bond with
a strength of 151 kJ/mol. Covalent S—S bonds exhibit a certain
variability of bond angles and energies,”* with the latter value
being within the typical range.

Both the honeycomb and the dimer row structure contain
dumbbell shaped TMB dimers as basic structural motif. High
resolution STM images of both polymorphs occasionally show
protruding features between dimers; an example is marked in
Figure 2e. An additional STM topograph of the honeycomb
structure very clearly showing protruding contrast features at the
center position between adjacent molecules is provided in the
Supporting Information (cf. Figure S2). Although these contrast
features hint toward intermolecular bonds through metal-coor-
dination, they do not allow to unambiguously infer the exact
number of metal-coordination centers per bond. Yet, since no
lateral displacement occurs along the dimer axis, the DFT
calculations suggest coordination of the thiolate groups by two
copper atoms as depicted in Figure 4c. This conclusion is further
substantiated by comparison of experimental and theoretical
bond lengths. STM data yield a center-to-center distance of
2.0 (:0.2) nm between two TMB molecules in the dimer. DFT
results in combination with the intramolecular distance between
central and outer phenyl rings in TMB (0.46 nm for a geometry
optimized isolated molecule) postulate a dimer center-to-center
distance of 1.90 nm. Accordingly, the experimental lattice para-
meter of the honeycomb structure (3.4 nm) is in good agreement
with the anticipated lattice parameter from the two-center
coordination interconnect (3.3 nm), while both the one-center
coordination scenario (2.9 nm) and the covalent disulfur bridge
(2.8 nm) would yield notably smaller lattice parameters. From
the p6mm symmetry it can be concluded that all intermolecular
bonds in the honeycomb structure are equivalent. A complete
model of the honeycomb structure is overlaid in the STM
topograph depicted in Figure 2b, and a tentative structural model
including the substrate is separately presented in Figure 2c.

Yet, due to its lower symmetry the dimer row structure cannot
consistently be explained solely on the basis of two-center
coordination bonds. Thus, a bonding scheme is proposed invol-
ving different types of intermolecular bonds. Both appearance
and center-to-center distance of dimers (~2.0 nm) within the
rows are similar to the honeycomb structure. Also in both
structures the dimers have the same orientation with respect to
the Cu(111) substrate, i.e. their axes are oriented along the (112)
direction. This registry points toward a distinct epitaxial relation
between the dimers and the Cu(111) substrate. Hence, it is
concluded that also the dimers within the dimer row structure
are similarly interconnected by two-center coordination bonds.
These dimers assemble in parallel rows, where adjacent rows are
shifted half a lattice parameter with respect to the row direction.
STM topographs exhibit protruding contrast features directly
above and below intrarow neighbors (marked in Figure 2d
by a red arrow) which point toward a trans—syn arrangement,
as implemented in the models in e and f of Figure 2, where the
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former is overlaid to the STM image and the latter model
includes the substrate. Since coordinating copper atoms cannot
be resolved separately, as is also the case for the two atoms
coordinating the dimers, dimer—dimer coordination by more
than one Cu atom cannot be excluded. Polynuclear copper—
thiolate coordination bonds are common,”" where coordmatmg
copper clusters are further stabilized by cuprophilicity.”> For
instance, coordination by Cus clusters has also been observed
previously for bulk systems.’

Since the doubly copper-coordinated dimer is the structural
motif of both the honeycomb and the dimer row structure, its
adsorption geometry on the Cu(111) substrate is of particular
interest. A tentative model which takes both the STM-derived
orientation with respect to the substrate and the DFT-derived
atomic configuration of the interconnect into account is provided
in Figure S. This model illustrates that both coordinating copper
atoms could indeed adsorb at similar sites, for instance as
tentatively shown in three-fold hollow sites. The actual distances
between the two coordinating copper atoms in the proposed

3 XXX
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Figure 5. Tentative model of the adsorption geometry of a doubly
copper coordinated TMB dimer including the Cu(111) substrate. Both
coordinating copper atoms (colored red) could adsorb on similar lattice
sites to simultaneously optimize their adsorption energy, e.g. as shown
on three-fold hollow sites (yellow: substrate atoms).

surface-confined metal-coordination complexes range most
likely between the two extreme values, i.e. 2.87 A as derived
from our DFT calculations for a fully neglected and 2.55 A—the
Cu(111) lattice parameter—for a fully effective substrate influ-
ence. Therefore, in summary the actual Cu—Cu distance might
result from a compromise and interplay between the periodic
potential of the substrate which favors the smaller Cu—Cu
spacing closer to the lattice constant and the gas phase Cu—Cu
spacing which is more influenced by the orbital configuration and
hybridization of the thiolate and the copper centers.

In order to reveal the specific role of the Cu(111) substrate for
the phase transition and to shed light on the chemical properties
and reactivity of copper adatoms, the same type of experiments
with similar sample preparation protocols were conducted on
Ag(111). Room-temperature deposition of TMB on Ag(111)
also yields a densely packed trigonal structure (cf. Figure 6a,
a =135 £ 0.05 nm,). Since the lattice parameter of the trigonal
structure on Ag(111) is similar to the value obtained on Cu(111)
within experimental error, the precursor structure on Ag(111) is
also identified as densely packed deprotonated trithiolates which
are covalently anchored to the substrate through three peripheral
thiolate—metal bonds. While the initial TMB precursor struc-
tures appear similar on both substrates, the response to thermal
annealing is distinctly different on Ag(111): annealing up to
250 °C for ~1 h did not result in a phase transition; however,
after the sample annealed at 300 °C for ~1 h, disordered glassy
networks were observed in coexistence with remnants of the
precursor structure; a typical STM topograph is depicted in
Figure 6b. Nonperiodic glassy organic networks have recently
gained substantial interest. Particularly nice examples include
metal-coordination networks of nonlmear, prochiral ditopic
organic linkers with cobalt atoms** and hydrogen-bonded cyto-
sine networks on Au(111)."**?* Further, structurally comparable
irregular organic networks have also been observed, when
halogenated precursor molecules were polymerlzed by surface-
mediated reactions into covalent networks.”® While the irregu-
larity of the glassy metal-coordination and hydrogen-bonded
networks arises from the low symmetry of the building blocks in
combination with the energetic equivalence of various different
basic intermolecular bond motifs, the degree of disorder typically

Figure 6. STM topographs of TMB deposited on Ag(111) (a) as-deposited at room temperature (Uy = —0.33 V, I+ = 44 pA, 30 x 39 nm*) and (b) after
annealing to 300 °C for ~1 h (Ur = —0.98 V, I = 85 pA, 30 x 30 nm”). The precursor structure on Ag(111) appears similar to Cu(111) with a similar
lattice parameter of (1.35 = 0.05) nm. Annealing of as-deposited samples at conditions which would already result in irreversible deterioration of the
networks on Cu(111), yields a glassy disordered network on Ag(111). Within the disordered networks interconnected dimers can be discerned (marked
by white arrows); their dimensions are consistent with formation of covalent disulfur bridges.
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Figure 7. DFT results of structure and frontier molecular orbitals of
a two-center coordination bond interconnecting two phenylthiolates
(a) geometry, (b) HOMO, (c¢) LUMO of the complex.

observed for covalent networks is owed to the irreversibility of
the covalent molecular interlinks under the growth conditions,
which inhibits postcorrection of topological defects. A closer
look at the disordered TMB structures on Ag(111) reveals
dimers with a distinct lateral offset to the interconnecting axis;
examples are marked in Figure 6b by white arrows. The lateral
offset is consistent with DFT-derived values for disulfur bridges;
consequently, we propose that the dimers observed after a
thermal treatment of the precursor structure on Ag(111) are
covalently interlinked.

An interesting, not entirely solved question is why adatom-
mediated formation of metal-coordination networks was ob-
served for the same TMB molecules on Cu(111) but not on
Ag(111). On both substrates, the densely packed precursor
structures obtained upon room temperature deposition are
structurally quite similar, and differences in their precise epitaxial
relations between both substrates can hardly account for the
absence of metal-coordination networks on Ag(111). Also the
temperature dependent densities of the adatom gases on both
surfaces are comparable®® ruling out adatom availability as a
decisive criterion. Even more so, since tempering the Ag(lll)
samples up to significantly higher temperatures should have
provided a sufficient amount of adatoms. Nevertheless, silver
coordinated TMB metal—organic networks have never been
observed, but only irregular networks. The absence of metal-
coordination networks on Ag(111) is best explained by a
different affinity of Cu vs Ag adatoms to form metal-coordination
bonds with thiolates. This hypothesis is in accord with experi-
mental findings on the adatom-mediated formation of carboxylate-
based metal-coordination networks on Cu(111) vs Ag(111).
‘While metal-coordination networks of trimesic acids were readily
observed on Cu(111), their formation was again absent on
Ag(111).” Interestingly, preceding deposition of copper onto
Ag(111) promoted the formation of trimesic acid metal-coordina-
tion networks also on this substrate. These results are consistently
explained by the assumption that copper deposition on Ag(111)
introduces a copper adatom gas which is in equilibrium with the
deposited copper islands. The higher reactivity of this artificially
introduced, extrinsic copper adatom gas is the driving force for
formation of copper metal-coordination networks.

Moreover, the present results on covalently interlinked TMB
molecules on Ag(111) indicate that the lateral offset of disulfur-
bridged molecules can clearly be resolved in STM and hence
indirectly prove that the porous TMB networks on Cu(111) are
not built up by disulfur-bridged molecules.

In order to illustrate the electronic properties of the copper—
thiolate metal-coordination interlink, DFT derived frontier mo-
lecular orbitals are depicted in Figure 7. Evidently, both HOMO
and LUMO of bicoordinated phenylthiolates exhibit intensity at
the bond site. The LUMO appears to be more localized at the
bond, whereas the HOMO is evenly distributed across the metal-
coordination complex. Such delocalization allows for coherent
electron transport through the metal-coordination bond, render-
ing this interconnection chemistry a suitable candidate for
interlinking single molecules into more complex molecular
electronics circuitry.

B SUMMARY

In summary, adatom-mediated 2D metal—organic networks
were synthesized on Cu(111) by thermal annealing of a self-
assembled precursor structure. The two observed metal—organic
networks are based on metal-coordination bonds between thiolates
and either one or two copper adatoms. Comparison between DFT-
derived and experimental bond lengths and geometries aided in the
identification of intermolecular coordination bonds. In contrast,
deposition on Ag(111) resulted in a similar precursor structure, but
annealing at higher temperatures only resulted in irregular struc-
tures, where monomers are interconnected by covalent disulfur
bridges. These pronounced differences between both surfaces are
explained by a higher affinity of copper adatoms as compared to
silver adatoms to form metal-coordination bonds with thiolates.

As suggested by the spatial distributions of their frontier
molecular orbitals, copper—thiolate complexes are fully electro-
nically conjugated. This intriguing feature renders copper—thio-
late coordination bonds particularly interesting for organic
conductors and molecular electronics. Especially the envisioned
molecular electronics applications not only require precise
electronic function within a single molecule but also equally
directional communication between molecules. Yet, up to now
the issue of interconnecting single-molecule devices into more
complex circuits is not satisfactorily addressed. Numerous stud-
ies concluded that, for contacts and interconnects, bond topol-
ogy on the atomic level is of utmost importance due to the
coherent nature of electron transport in molecular electronics.
Hence, means to interconnect molecular entities in an atomically
defined manner without perturbing or interrupting electronic
conjugation are urgently required. Thiol groups in combination
with copper coordination centers are ideally suited as “solder” for
molecular electronics due to their electronic conjugation, their
relatively high stability, and not at least due to their compatibility
with self-assembly bottom-up fabrication techniques.

B ASSOCIATED CONTENT

© Supporting Information.  Synthesis and calculational de-
tails, additional LEED and STM results. This material is available
free of charge via the Internet at http://pubs.acs.org.
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Supporting Information

Extended Two-Dimensional Metal-Organic Frameworks Based on Thiolate-Copper

Coordination Bonds

Hermann Walch, Jiirgen Dienstmaier, Georg Eder, Rico Gutzler, Stefan Schligl,

Thomas Sirtl, Kalpataru Das, Michael Schmittel, and Markus Lackinger*

Synthesis of TMB

Synthesis of TMB:[24] Solid NaSMe (0.395 g, 5.64 mmol) was added in one portion to a
solution of 1,3,5-tris(4-bromophenyl)benzene (1.00 g, 1.84 mmol) in dry DMF (35 mL). The
reaction mixture was stirred for 1 h at 150 °C. Additional NaSMe (0.395 g, 5.64 mmol) was
added, heating was continued for 1 h, and then a third portion of NaSMe (0.395 g, 5.64 mmol)
was added to the reaction. The mixture was heated at 150 °C for another 6 h, cooled to 40 °C,
and diluted with acetic acid (1.30 mL) and water (39.0 mL). The product forms as a pale gray
precipitate, which was filtered, washed with water, and dried in vacuum to afford pure 1,3,5-
tris(4-mercaptophenyl)benzene (0.650 g, 88%), mp 179-180 °C (uncorrected). IR (film / cm-
1): 3055 (m), 2987 (w), 2306 (w), 1422 (m), 1264 (s), 896 (m), 751 (s); 1H NMR (CD2CI2,
400 MHz): 6 7.71 (s, 3H), 7.58 (d, J = 8.3 Hz, 6H), 7.38 (d, J = 8.3 Hz, 6H), 3.62 (s, 3H). 13C
NMR (CD2CI2, 100 MHz): & 141.8, 138.5, 131.0, 129.9, 128.2, 124.7. Elemental anal. for

C24H188S3: Caled. C 71.60, H4.51, S 23.89; found C 71.46, H 4.49, S 24.27.
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Computational Details

DFT calculations were conducted with the Gaussian 03 software package. The B3LYP hybrid
functional was used in combination with the 6-31+G* basis set for the elements hydrogen,
carbon, and sulfur, and the TZVP basis set for copper. Geometries were optimized for neutral
assemblies with atom positions fixed in a plane, allowing equilibration of atomic coordinates
only within this plane. Standard convergence criteria were applied. Total binding energies
were calculated as the difference between energies of the geometry optimized complexes and
the summed energies of all individually geometry optimized single entities, i.e. phenylthiolate
and copper species. Counterpoise correction as included in the Gaussian 03 package did not
yield significantly different values, with differences being less than 5 kJ/mol.

Although these simplified model calculations only roughly approximate the substrate’s
influence by enforced planarity, tendencies concerning association topology and binding
energies of the different bonding schemes can be identified. In addition, DFT derived bond

lengths can be applied to estimate lattice parameters of resulting metal-organic networks.
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Additional LEED measurements

Electron Energy: 33.5 eV
—— Superstructure
—— Substrate

(a)

Electron Energy: 79.5 eV
—— Superstructure
—— Substrate

(b)

Fig. S1 LEED diffraction patterns of the trigonal densely packed precursor structure. The
sample was prepared by room temperature deposition of TMB on Cu(111) and LEED patterns
were acquired at sample temperatures of ~50 K with electron energies of a) 33.5 eV and b)
79.5 eV. The (hk) values refer to the reflection indices, yellow colors denote superstructure
reflections, blue colors substrate reflections. These diffraction experiments reveal the TMB
room temperature structure as a commensurate 3V3x3V3 R30° superstructure. This is evident
in the LEED pattern acquired at higher electron energy, where the (33) superstructure and
(10) substrate reflections coincide.
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Additional STM topograph

Fig. S2 Additional STM topograph of the metal-coordinated honeycomb polymorph on
Cu(111) (Ir= 83 pA, U= -1.95 V, 14x14 nm®). Although the hexagonal structure appears
slightly distorted due to thermal drift, apparent protrusions are clearly discernable at the
middle of each side of each hexagon, i.e. midst between two adjacent TMB molecules. This
peculiar STM contrast was occasionally observed and is attributed to special imaging
properties of the STM tip. The protrusions are interpreted as metal-coordination centers and
further support the hypothesis of intermolecular bonding through adatom mediated metal
coordination.
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Synthesis of Well-Ordered COF
Monolayers: Surface Growth of
Nanocrystalline Precursors versus
Direct On-Surface Polycondensation

Jiirgen F. Dienstmaier,™* Alexander M. Gigler,* Andreas J. Goetz,* Paul Knochel,® Thomas Bein,®
Andrey Lyapin," Stefan Reichlmaier,’ Wolfgang M. Heckl," and Markus Lackinger™*

TDeutsches Museum, Museumsinsel 1, 80538 Munich, Germany, TUM School of Education, Technische Universitat Munich, Schellingstrasse 33, 80799 Munich,
Germany, and Center for NanoScience (CeNS), *Department for Earth- and Environmental Sciences and Center for NanoScience (CeNS),
Ludwig-Maximilians-University, Theresienstrasse 41, 80333 Munich, Germany, §Department of Chemistry and Center for NanoScience (CeNS), Ludwig-Maximilians-
University, Butenandtstrasse 11 (E), 81377 Munich, Germany, and *Physical Electronics GmbH, Fraunhoferstr. 4, 85737 Ismaning, Germany

reat chemical and structural variety
G of surface-supported two-dimen-

sional porous molecular networks
has been demonstrated over the past
decade.'” Formation and stabilization of
porous monolayers can be mediated by
various types of intermolecular interactions,
most prominently by hydrogen bonding?
and metal—ligand coordination,* but also
by comparatively weak and nondirectional
van der Waals interactions.” Owing to the
weak to intermediate strength of these
bond types, intermolecular links become
reversible during network formation; hence,
defect correction is possible and long-
range-ordered structures are frequently ob-
tained. Porous monolayers are highly inter-
esting from a basic science perspective
but also auspicious for nanotechnological
applications, for instance, as nanoreactors for
the synthesis of nanoparticles,’ as templates
for nanopatterning,® as well as for organic
electronics.”® However, many of the above
applications or related processing steps de-
mand higher stability of the networks, which
ultimately leads to the requirement of
strong intermolecular bonds, as realized in
2D polymers and covalent organic frame-
works (COFs). Previously reported bulk COFs
have been synthesized by various reactions
such as self-condensation of boronic acids or
co-condensation with polyols,”'” imine bond
formation,'" trimerization of nitriles,'” and
most recently, by means of hydrazine bond
formation.’® Bulk COFs have attracted con-
siderable interest due to their porosity and
low density in combination with the extra-
ordinary stability of a covalent material.

DIENSTMAIER ET AL.

ABSTRACT Two different straightfor- &
ward synthetic approaches are presented to = e
fabricate long-range-ordered monolayers of a
covalent organic framework (COF) on an inert, -y

monciayer moralayer

catalytically inactive graphite surface. Boronic
acdid condensation (dehydration) is employed as the polymerization reaction. In the first
approach, the monomer is prepolymerized by a mere thermal treatment into nanocrystalline
precursor COFs. The precursors are then deposited by drop-casting onto a graphite substrate
and characterized by scanning tunneling microscopy (STM). While in the precursors monomers
are already covalently interlinked into the final COF structure, the resulting domain size is still
rather small. We show that a thermal treatment under reversible reaction conditions
facilitates on-surface ripening associated with a striking increase of the domain size. Although
this first approach allows studying different stages of the polymerization, the direct
polymerization, that is, without the necessity of preceding reaction steps, is desirable. We
demonstrate that even for a comparatively small diboronic acid monomer a direct thermally

activated polymerization into extended COF monolayers is achievable.

KEYWORDS: 2D COF - surface COF - COF-1 - boronic acid - condensation - STM -
surface chemistry

Moreover, COF structures can be tailored
via rational design of appropriate building
blocks‘9,10,l4—19

Similarly, the challenging synthesis of sur-
face-supported covalent nanostructures and
2D COFs has recently gained substantial
interest.”® As polymerization reactions, radical
addition,”’~?" condensation,®>* tip- and
electron-beam-induced  polymerization,*®
and alternative reactions®® *® have been em-
ployed, first under ultrahigh vacuum (UHV)
conditions, but meanwhile also under
ambient conditions>® or at the liquid—solid
interface.*®
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Since most of the boronic-acid-derived bulk COFs
exhibit a layered structure that consists of m— stacked
covalent sheets, single layers of the corresponding
bulk structure can serve as promising model systems
for 2D COFs. The pioneering examples in this respect
are the self-condensation of 1,4-benzenediboronic
acid (BDBA) and the co-condensation of BDBA with
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) on Ag-
(111) under UHV conditions.?’ These experiments
yielded monolayer equivalents of so-called COF-1
(self-condensation of BDBA) and COF-5 (co-condensa-
tion of BDBA + HHTP), whereby we refer to a nomen-
clature introduced by Yaghi and co-workers for bulk
COFs.” However, nonreversible reaction conditions
during the on-surface condensation polymerization
resulted in high densities of topological defects that
inhibited the emergence of long-range order as re-
cently studied in more detail for different coinage
metal surfaces and preparation conditions.”’ As an
intermediate state between bulk crystals and mono-
layers, both COF-1 and COF-5 multilayers supported on
a graphene substrate were recently demonstrated by a
solvothermal approach.*

The objective of the present study is to explore the
potential of straightforward synthetic approaches for
the reliable and facile preparation of long-range-
ordered surface-supported COF monolayers. In order
to promote efficient synthesis, the proposed method is
conducted under ambient conditions, hence does not
require costly and time-consuming vacuum techni-
ques, while it relies on reversible reaction conditions
to facilitate long-range order. The targeted structure is
a single layer of COF-1, synthesized by self-condensa-
tion of BDBA. Bulk crystals of COF-1 were first obtained
by Yaghi and co-workers via solvothermal synthesis.”
This approach avoids the “crystallization problem”,
that is, the absence of defect correction mechanisms
during growth due to the irreversibility of covalent
interlinks, by maintaining slightly reversible reaction
conditions.**** Self-condensation of boronic acids re-
leases H,O; consequently, the presence of small
amounts of water in solution facilitates slightly rever-
sible reaction conditions. A further aim of this study is
to demonstrate polymerization on inert surfaces, in
order to become independent of catalytic substrate
properties, as they are indispensable for polymeriza-
tion through radical addition.** Surface-mediated po-
lymerization requires activation in order to break
existent bonds and form new bonds. The self-conden-
sation of boronic acids typically requires either reactive
surfaces®®*! or moderately elevated temperatures in
the range of 80—100 °C as in the solvothermal syn-
thesis. Yet, thermal activation can be crucial for on-
surface reactions because desorption as a competing,
likewise thermally activated, process may inhibit the
surface-bound reaction. The BDBA monomer is com-
paratively small and features a low desorption barrier;
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hence, first a method is proposed where the mono-
mers are prepolymerized into larger entities that al-
ready exhibit the COF-1 structure and owing to their
size a larger desorption barrier. Although this approach
allows control and characterization of single reaction
steps, nonetheless, methods for direct polymerization,
such as without intermediate reaction steps, are highly
desirable. First we describe the prepolymerization of
BDBA into nanocrystalline COF-1 precursors. Adsorbed
monolayer structures are characterized in real space by
high-resolution scanning tunneling microscopy (STM),
whereas their covalent nature is independently veri-
fied by photoelectron spectroscopy and by demon-
strating their thermal stability. In the last part, we also
demonstrate a synthetic approach for the straightfor-
ward, direct polymerization of BDBA.

RESULTS AND DISCUSSION

The BDBA starting material and the reaction scheme
are illustrated in Figure 1. Interestingly, ditopic BDBA
monomers yield 2D covalently cross-linked sheets. The
reason is the energetically preferred formation of
boroxine rings (B;0s) through cyclocondensation of
three monomers. In the 2D structure, both boronic acid
groups of each BDBA monomer take part in boroxine
rings, resulting in a hexagonal structure with pémm
symmetry and a lattice parameter of 1.525 nm, accord-
ing to DFT geometry optimization.?® COF-1-derived
monolayers are porous and feature a hexagonal ar-
rangement of approximately 1.0 nm wide pores.

Two different synthetic approaches are evaluated
for the preparation of 2D COF-1 monolayers in this
work. First, BDBA is prepolymerized into nanocrystal-
line COF-1 precursors, drop-cast on a graphite surface,
and the domain size is increased by postprocessing.
Second, a BDBA-containing solution is directly depos-
ited onto the surface, and the condensation is ther-
mally activated. The first synthetic approach allows one
to carefully characterize important reaction param-
eters and intermediate states in order to understand
fundamental processes in COF monolayer formation,
whereas the second approach is straightforward and
efficient for the routine preparation of 2D COF mono-
layers. In the following, we will describe the procedures
for each synthesis route and the characterization of
COF monolayers and intermediate states.

Synthesis via Prepolymerization into Nanocrystalline Precursor-
COFs. COF-1 nanocrystals were synthesized by a
mere thermal treatment of the BDBA starting material
without any aid of solvent, yet under reversible reac-
tion conditions (see Materials and Methods for experi-
mental details). Thermally prepolymerized BDBA will
be referred to as precursor-COF in the following. The
prepolymerization was monitored by thermal gravi-
metric analysis (TGA), and COF-1 nanocrystals were
characterized by powder X-ray diffraction (PXRD), IR,
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1

Figure 1. Reaction scheme for the self-condensation of BDBA from monomers (1) into single 2D COF-1 layers (2). During the
condensation, H,0 is released, thus the presence of water facilitates reversible reaction conditions which promote growth of
long-range-ordered networks. A unit cell of the 2D COF is marked by red lines, theoretical unit cell parameters from DFT
geometry optimization of this hexagonal system amount to a = b = 1.53 nm and y = 60°.>° (3) Close-up of a boroxine ring
resulting from the cyclocondensation of three BDBA monomers.

and Raman spectroscopy (see Supporting Information
for data and spectra). Both Raman and IR spectra of
thermally treated BDBA (i.e., precursor-COFs) exhibit
clear signatures of boroxine rings, while spectra of the
untreated starting material clearly indicate free boron-
ic acid groups. The IR spectra of precursor-COFs are also
in excellent agreement with the results reported for
solvothermally synthesized bulk COF-1.2 PXRD exhibits
rather broad reflections that are also consistent with
the previously published COF-1 structure.’ The large
widths of the reflections originate from the finite sizes
of COF-1 nanocrystals, while the presence of | # 0
reflections indicates stacking in the [001] direction,
with a layer separation (i.e., half the lattice parameter)
of 0.335 nm. Estimates of the average crystal size were
derived from a Rietveld refinement via the line broad-
ening model based on the Scherrer equation and
amount to 7.8 nm in the lateral direction and 1.0 nm
along the [001] stacking direction, that is, about three
single layers only (cf. Supporting Information).***7 In
the TGA measurements, the weight loss sets in at ~150 °C
and is 94% completed at 300 °C. The measured total
weight loss of 20.4% is in good agreement with the
theoretical expectation for full condensation (21.7%).
The slight discrepancy might be caused by unreacted
boronic acid groups at the surface of nanocrystals or by
the presence of residual unreacted material. From
these TGA results, we conclude that a prepolymeriza-
tion temperature of 250 °C is well suited for thermal
synthesis and should facilitate full condensation with-
out degradation of precursor-COFs. The amount of
residual unreacted BDBA after thermal treatment is
extremely low, as characterized by means of a quartz
crystal microbalance (cf. Supporting Information
for details).

The full reversibility of the polycondensation is de-
monstrated through rehydrolizing the precursor-COFs
by boiling them in distilled water and recrystallization.

DIENSTMAIER ET AL.

Figure 2. STMimages of precursor-COFs on HOPG prepared
by drop-casting of thermally treated BDBA, showing (a)
chains that represent fragments of the COF-1 in-plane
structure (a representative example is highlighted by the
ellipse) and (b) 2D domains, with lateral extensions of
typically <10 nm and internally hexagonal structure. The
inset depicts the 2D FFT of the STM image. Both samples
were prepared using heptanoic acid. The STM images were
acquired at the liquid—solid interface with the tip immersed
in the liquid. Most domains have similar azimuthal orienta-
tions, and an example for an occasionally observed excep-
tion is marked by dashed lines.

Data from all methods obtained with the rehydrolyzed
precipitate were essentially similar to the untreated
BDBA starting material, thereby proving the reversibility
of the self-condensation reaction.

After thermal treatment, a small amount (~5 mg) of
the prepolymerized precursor-COF was dispersed in
1.5 mL of various organic solvents (heptanoic acid,
nonanoic acid, 1-undecanol, and dodecane). Experi-
ments were conducted with different solvents in order
to reveal possible solvent influences. Precursor-COFs
were deposited by drop-casting 5 uL of the respective
suspension onto a freshly cleaved surface of highly
oriented pyrolytic graphite (HOPG). Structural charac-
terization of the drop-cast layers was carried out under
ambient conditions by high-resolution STM directly at
the interface between the graphite substrate and the
suspension. STM experiments reveal nearly full cover-
age of the surface. Predominantly chains and small
domains of a hexagonal structure were observed on
the surface; representative images are depicted in
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Figure 2ab. Areas between domain boundaries in
Figure 2b are covered with smaller chain-like aggre-
gates. The inset of Figure 2b depicts the corresponding
2D fast Fourier transform (2D FFT) of the image and
clearly demonstrates the hexagonal symmetry of the
domains. Averaging the values of about 40 indepen-
dent images acquired with a thoroughly calibrated
STM after drift and piezo creep have settled down
yields lattice parametersofa=b=14+0.1nmandy =
60.0 + 2.5° which are in excellent agreement with
both the in-plane lattice parameters reported for COF-
1(1.5nm)? and with DFT values (1.525 nm) obtained for
the 2D analogue.”® However, boronic acids are also
known to self-assemble via intermolecular hydrogen
bonds.*® In order to test the robustness of the postu-
lated covalent structural model against competing
noncovalent structures, a hypothetical hydrogen-
bonded network was simulated by molecular me-
chanics (MM, cf. Supporting Information). Any reason-
able structural model must fulfill the experimentally
observed p6mm symmetry. In the STM data, connect-
ing nodes between three molecules are clearly ob-
served that would most likely be stabilized by cyclic
hydrogen bonds in a noncovalent structure. However,
the related MM geometry-optimized structure yields a
significantly larger lattice parameter of 2.05 nm and
can thus be excluded on experimental grounds. Similar
STM experiments on drop-cast precursor-COF layers
were carried out with different solvents, where com-
parable monolayers with similar hexagonal structure
and lattice parameters were observed in heptanoic
acid and nonanoic acid. However, no precursor-COF
monolayers were observed in 1-undecanol and dode-
cane. These observations can be rationalized by the
capability of the carboxylic acid moiety of the fatty acid
solvents to stabilize the precursor-COFs in solution via
strong hydrogen bonds with unreacted boronic acid
groups that are prevalent at the edges. This additional
favorable hydrogen bond stabilization is not as pro-
nounced in 1-undecanol and entirely absent in the
aprotic solvent dodecane, thereby lowering the achiev-
able precursor-COF concentrations. Since usage of
two different fatty acid solvents with different chain
lengths did not affect the observed monolayer, solvent
incorporation into the structures is excluded.

On the basis of careful analysis of structural param-
eters, we propose that the domains observed after
drop-casting precursor-COF suspension are 2D cova-
lent networks which structurally correspond to a single
layer of COF-1. The STM image and the corresponding
2D FFT also indicate a preferred azimuthal orientation
of the precursor-COF domains with respect to the
underlying graphite lattice, pointing toward a sub-
strate templating effect. In most images, a single
orientation is prevalent, but domains with deviating
azimuthal orientations are also observed occasionally;
an example is marked in Figure 2b. This preferred
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epitaxial relation hints toward an extremely low thick-
ness of the precursor-COF layer, and their uniform
height, where steps have never been observed, indicates
a spatially homogeneous thickness. In addition, the
apparent height of the precursor-COF layer with respect
to the bare graphite substrate as measured at domain
boundaries corresponds to 0.30 = 0.05 nm, which is
extremely close to the geometric expectation. From
these experimental observations, it is concluded that
the STM measurements indeed show a single monolayer
of precursor-COFs. However, STM imaging requires elec-
trically conductive samples, and we can thus not fully
exclude that the drop-cast deposition could also locally
yield higher layer thicknesses, which is not observable by
STM. We also note that the lateral extension of the
domains below 10 nm in the STM data below 10 nm
is consistent with the PXRD results on precursor-COFs.

In order to explore possibilities for increasing the
domain size of the highly polycrystalline precursor-
COF monolayers by postprocessing, samples were
exposed to higher temperatures in a humid atmo-
sphere (see Materials and Methods for details). Drop-
cast samples were mounted in the reactor as prepared,
that is, with remnants of the volatile solvents. Post-
processed samples were characterized after cooling by
ambient STM under dry conditions, without solvent on
the samples; results are depicted in Figure 3. While the
internal hexagonal structure is similar to the precursor-
COF monolayer (cf. close-up and line profile in
Figure 3b,c), a clear increase in domain size well above
40 nm is evident from the overview image. This can
only be explained by on-surface ripening of the nano-
crystalline precursor-COF  domains. The apparent
height of the 2D COF-1 adlayer with respect to the
substrate as measured at domain boundaries corre-
sponds to 0.30 = 0.05 nm, proving that the STM
observations indeed show a single monolayer of 2D
COF-1. Also, the pores appear empty in the STM
images, suggesting that residual solvent and mono-
mers were entirely removed during the thermal treat-
ment. While precursor-COF monolayers could only be
imaged at the liquid—solid interface with heptanoic
and nonanoic acid, extended COF-1 monolayers were
also observed after thermal treatment using 1-unde-
canol and dodecane. This apparent contradiction can
be explained by a low, but not vanishing, precursor-
COF concentration in dodecane and 1-undecanol.
Since the solvents completely evaporate at an early
stage of the thermal treatment, all of the previously
dispersed precursor-COFs in the entire solvent volume
precipitate at the surface. Even so, the precursor-COF
concentration in 1-undecanol and dodecane is too low
to promote adsorption at the liquid—solid interface; it
is apparently sufficient to feature COF monolayers after
a thermal treatment.

Although the 2D COFs feature extremely low defect
density, occasional point defects like missing building
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Figure 3. (a) STM image (acquired under dry conditions) of an extended 2D COF-1 monolayer. The sample was prepared by
deposition of precursor-COFs from nonanoic acid and postprocessing by a thermal treatment. The inset depicts the
corresponding 2D FFT of the image. The domain size is greatly increased as compared to the precursor-COF monolayer,
and all domains in this image have similar azimuthal orientation. Point defects, like missing monomers, can be discerned with
low density. The STM contrast also exhibits a nonperiodic height modulation. (b) High-resolution STM image of a 2D COF-1
monolayer on HOPG prepared similar as the sample in (a) but using heptanoic acid. Again, point defects like missing
monomers can be discerned, and a prominent example is marked by the dashed circle. (c) Line profile along the blue line
indicated in (b). The apparent height of the COF monolayer with respect to the uncovered substrate of ~0.30 nm indicates
monolayer thickness, and the lattice parameter corresponds to 1.4 + 0.1 nm.

blocks were also observed (cf. Figure 3a,b). It is note-
worthy that the presence of water in the reactor is also
extremely important for the on-surface ripening pro-
cess. Postprocessing without adding water to the
reactor did not result in an increase of the domain
size but in a decrease of coverage due to the onset of
desorption.

The contrast modulation discernible in Figures 3a, 4,
and S2 (Supporting Information) is another interesting
feature of the extended 2D COF monolayers. In gen-
eral, STM contrast results from a convolution of elec-
tronic and geometric sample properties, and it can be
difficult to discriminate between both. For instance,
Moiré patterns are often observed in STM images of
hydrogen-bonded organic monolayers on graphite*®*°
or graphene on HOPG and other substrates,”' ~** due to
the higher (i.e., over a larger integer number of lattice
vectors) commensurability of adsorbate and super-
structure lattice. However, Moiré patterns give rise to a
periodic contrast modulation, whereas here the con-
trast modulation is not periodic. Whether this is a hint
toward slight nonplanarity will be addressed in further
experiments.

Additional Independent Evidence for Formation of COF-1
Monolayers. So far, the formation of COF-1 monolayers
was concluded based on a comparison of STM-derived
lattice parameters with experimental lattice param-
eters from bulk COF-1 and theoretical values from
DFT calculations. Yet, verification of high thermal
stability and photoelectron spectroscopy provide ad-
ditional complementary evidence that actually cova-
lent monolayers were formed.

In order to explore the thermal stability of these
monolayers, postprocessed samples were exposed to a
relatively high temperature of 200 °C for almost 14 h

DIENSTMAIER ET AL.

Figure 4. STM image (acquired under dry conditions) of an
extended 2D COF-1 monolayer acquired under dry conditions.
The sample was prepared by applying solutions of unreacted
BDBA in nonanoic acid directly onto the substrate and thermal
postprocessing under humid conditions. This sample is similar
to the postprocessed precursor-COF monolayers with regard
to lattice parameter, domain size, and defect density. Also,
a nonperiodic contrast modulation is discernible here.

under ambient conditions and subsequently charac-
terized by STM (cf. Supporting Information). Even after
such rather harsh treatment for organic monolayers,
hexagonal monolayers with similar lattice parameters
could still be imaged by STM. If the monolayers were
only stabilized by comparatively weak van der Waals
interactions or even stronger hydrogen bonds, such a
thermal treatment would result in desorption of the
monolayer from the weakly interacting graphite sub-
strate. As a reference, the thermal stability of trimesic
acid (TMA) monolayers>* that are stabilized by a fully
cross-linked network of relatively strong double hydro-
gen bonds between carboxylic acid groups was stu-
died by the same method. However, for this non-
covalently stabilized TMA monolayer, annealing at
200 °C for 1 h already caused complete desorption.
Consequently, the high thermal stability of the BDBA-
derived monolayers can only be explained by for-
mation of covalently interlinked networks. Yet, the
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thermally treated COF-1 monolayers show a slight
decrease in coverage, possibly hinting toward the
onset of degradation.

In addition, the covalent character of the mono-
layers is also verified by comparative X-ray photoelec-
tron spectra (XPS) that were acquired from both a thick
film (>100 nm) of unreacted BDBA deposited by
vacuum sublimation onto graphite and a postpro-
cessed COF-1 monolayer. XPS data of O1s, B1s, and
Cl1s core levels from both samples are depicted in
Figure 5. Comparison reveals a slight shift of the O1s
binding energy from 533.5 eV for the reference sample
(unreacted BDBA) to 533.0 eV for the COF-1 mono-
layers. This slight shift toward lower binding energy for
thermally treated samples is in accordance with the
change of the oxygen chemical environment through
condensation of boronic acid groups into boroxine
rings and serves as further evidence for the polymer-
ization. In the boronic acid moieties of unreacted BDBA
monomers, oxygen is bound to both boron and hydro-
gen atoms, while in the boroxine rings of a COF-1
monolayer, oxygen is bound to two boron atoms. Since
hydrogen is slightly more electronegative than boron
(2.20 for H vs 2.04 for B on the Pauling scale), oxygen
atoms become more negative in the boroxine rings,
resulting in a slightly lower O1s binding energy in the
COF-1 monolayer. Unfortunately, values for directly
comparable compounds are not available in the litera-
ture, but for boron trioxide (B,O3), an O1s binding
energy of 533.0 eV was reported,®® whereas for boric
acid (B(OH)3), the O1s binding energy amounts to
5335 eV.°® As anticipated, both the B1s and Cls
binding energies do not exhibit significant shifts be-
cause the direct binding partners of boron and carbon
do not change through the condensation. The Bis
peak at 191.7 eV coincides well with previously re-
ported values for a chlorine-substituted phenyl boron-
ic acid.®” Yet, both intensity and line shape of the C1s
peak are different between the BDBA film and COF
monolayer: the BDBA film exhibits a symmetric main
peak at 284.4 eV and a shakeup satellite at a higher
binding energy of about 291 eV that is characteristic for
aromatic molecules.®®*° In the C1s spectrum of the
COF-1 monolayer, this characteristic appearance is still
discernible, but in addition, the signature from the
graphite substrate with a narrow and asymmetric peak
shape also contributes to the spectrum.°

Synthesis via Direct On-Surface Polymerization of BDBA. In-
troduction of precursor-COFs as the intermediate state
for the synthesis of COF monolayers bears advantages
for the fundamental understanding of the polymeriza-
tion. For instance, we could show that on-surface
ripening, that is, a significant increase in domain size,
is feasible through thermal treatment under reversible
reaction conditions. Also, additional analyses of IR and
Raman spectroscopy could be applied to precursor-
COFs but were inconclusive for monolayers. However,

DIENSTMAIER ET AL.

direct polymerization of the unreacted monomers on
the surface would be advantageous in terms of easier
and more efficient preparation protocols. In order to
address the question, whether direct polycondensation
of BDBA on the surface is also feasible, supersaturated
BDBA solutions were directly deposited onto graphite
and annealed in the reactor under humid conditions.
Parameters for this thermal treatment were similar to
the postprocessing of precursor-COF monolayers, and
samples were again characterized by STM (cf. Support-
ing Information). STM data of directly polymerized
COF-1 monolayers were indistinguishable from mono-
layers that were fabricated via ripening of drop-cast
precursor-COFs. Not only lattice parameters were simi-
lar, but also domain size and point defect density were
comparable. Similarly, a nonperiodic height modula-
tion on the 10 nm length scale is again pointing toward
a slightly nonplanar character. As an independent
proof of the covalent nature of directly prepared
COF-1 monolayers, their thermal stability was verified
according to the previous procedure. Direct BDBA
polymerization was also accomplished in different
aliphatic solvents (heptanoic acid, nonanoic acid, 1-un-
decanol, and dodecane), suggesting a minor solvent
influence. Experiments with different BDBA concentra-
tions in nonanoic acid clearly show that the direct
polymerization is only possible at higher concentra-
tions (i.e., supersaturations).

In summary, we demonstrate that even when the
BDBA monomers were not prepolymerized into larger
entities, their thermally activated polymerization is
feasible and yields similar results as on-surface ripen-
ing of precursor-COF monolayers. From these experi-
ments, we conclude that either desorption is not the
dominating thermally activated process or is sup-
pressed in the critical stage of the polycondensa-
tion. Hence, direct polymerization of the ditopic
boronic acid linker is the most straightforward
method for the reliable and efficient preparation of
extended, well-ordered COF-1 monolayers under am-
bient conditions.

CONCLUSION AND OUTLOOK

In summary, we have demonstrated the potential of
straightforward synthetic approaches to prepare sur-
face-confined 2D COFs with single-crystalline domains
having lateral extensions above 40 nm. In a first
synthetic route, nanocrystalline precursor-COFs were
synthesized by thermally annealing the bisboronic acid
building blocks in a humid atmosphere, drop-cast
deposition of a monolayer, and a thermally activated
ripening of initially very small domains into extended
domains. The covalent nature of the network was
proven by comparison of experimental structural param-
eters with DFT calculations, augmented by XPS
and verification of the anticipated high stability
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Figure 5. XPS measurements of the B1s, C1s, and O1s core level binding energies in a thick BDBA film on HOPG (red) and a 2D
COF-1 monolayer on HOPG (blue). O1s spectra of the polymerized 2D COF-1 monolayer exhibit a slight shift to lower binding
energy as compared to the film of unreacted BDBA molecules. This can be explained by the change of the oxygen chemical
environment from B—O—H in the free boronic acid group to B—O—B in the boroxine ring upon condensation. Both the B1s
and C1s spectra do not exhibit any significant shifts because their direct chemical environments are not affected by the
condensation reaction. The high intensity of C1s in the COF-1 monolayer sample originates from the HOPG substrate.

through a thermal treatment. While this stepwise
synthesis allows one to characterize reaction inter-
mediates and to demonstrate that on-surface ripening
of COF-1 monolayers is possible, the controllable direct
synthesis from not previously treated monomers
would facilitate significantly easier preparation proto-
cols. We show that a direct polymerization is also
feasible, by deposition of a solution containing the
unreacted BDBA monomer and a thermal treatment
under reversible reaction conditions. COF-1 mono-
layers prepared by either method were indistinguish-
able in STM measurements and both exhibit high
thermal stability.

The novel synthetic approaches presented here
avoid elaborate vacuum deposition techniques and
should in principle be scalable to larger surface areas.

MATERIALS AND METHODS

Thermal Synthesis of Nanocrystalline Precursor-COFs. BDBA (Sigma-
Aldrich, 98.1% purity) was used without further purification. For
the thermally induced polymerization, a small amount of BDBA
(~0.2 g) was exposed to a temperature of 250 °C for 2 hin a
preheated oven (volume = 4.3 L) under ambient conditions.
Thereafter, the powdery product was removed and allowed to
cool to room temperature without special precautions. An
additional crucible with water (~65 mL) in the oven guaranteed
a high humidity throughout the process. Similar thermal treat-
ment of BDBA in a dry atmosphere yielded only small aggre-
gates that were not suited for further processing (cf. Supporting
Information). We find that the solvent-free condensation does
not require exact adjustment of the H,O partial pressure during
the thermal treatment, as long as water is present at all. The
powdery product obtained after the prepolymerization has a
slight yellowish tinge, presumably due to char formation or
unexpected reactions with impurities.®’ Different organic sol-
vents were used both for BDBA monomers and precursor-COFs:
heptanoic acid (Fluka, purity =98%), nonanoic acid (SAFC,
purity =296%), 1-undecanol (Aldrich, purity 99%), and dodecane
(Sigma-Aldrich, anhydrous, purity =99%).

Postprocessing of Precursor-COF Monolayers. Drop-cast samples
were positioned inside a stainless steel reactor (7.7 cm®) that
was placed in a preheated oven at 120 °C for ~60 min. Samples
were mounted face down, and 50—100 xL of H,0 were added to
the bottom of the reactor, but not in direct contact with the
sample. Varying the amount of water in this range does not
have any observable effect on the final structures. The reactor
can be sealed off with a valve (Swagelok, SS Bellows sealed
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As for solvothermal methods, the presence of water is
important for the polycondensation of BDBA in both
the direct synthesis and the stepwise synthesis via
prepolymerization and ripening, in order to facilitate
the slight reversibility required for successful crystal-
lization. While the proposed synthetic approaches are
facile and reliable, the next challenge is to adapt the
preparation protocol to accomplish structural versati-
lity. Here, the proof of principle has been demonstrated
by means of a relatively simple one-component sys-
tem. Significantly greater structural and chemical di-
versity can be achieved, however, by combining two
building blocks as demonstrated for the solvothermal
synthesis of several bulk COFs. Thus, adaptation of the
proposed method to the combination of several more
complex building blocks is the next important step.

valve), which was, however, kept slightly open during the
postprocessing to allow gas exchange with the ambient envi-
ronment and to ensure that the interior always remained at
atmospheric pressure. In this experiment, the precise moment
of complete disappearance of the liquid water is not known. We
anticipate that when water is not present anymore, bond
reversibility and thus domain ripening come to an end. In order
to track the temperature during cooling and heating times, the
temperature inside the reactor was monitored with a thermo-
couple. The maximum temperature in the 60 min period was
107 °C; a full temperature profile is reproduced in the Support-
ing Information.

Analytics. Raman spectra were acquired with a confocal
Raman microscope (alpha300 R; WITec GmbH, Ulm, Germany)
using excitation at 2 = 785 nm. Single spectra were acquired at
several positions on each sample averaging 10 spectra with 5 s
integration time each at a laser power of 50 mW. For optimum
signal efficiency, a 100 x microscope objective with a numerical
aperture of 0.9 was used. IR spectra were acquired with a Bruker
Equinox 55 instrument. Small amounts of the samples
(untreated, thermally treated, and rehydrolyzed BDBA) were
mixed with dry KBr (previously dehydrated for ~1 week),
compressed into pellets, and immediately analyzed. TGA was
performed with a Netzsch STA 449 Cinstrument, with a heating
rate of 10 °C/s and an original weight of 11.4 mg of BDBA. PXRD
characterization was performed on an Oxford Diffraction dif-
fractometer equipped with a 2D Atlas detector, operating at 100
mm sample to detector distance and using Mo K, radiation
(HOPG monochromator). The data obtained by recording sev-
eral frames of Debye—Scherrer rings on the 2D detector were
integrated to one-dimensional intensity versus 20 data by the
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diffractometer software (CRYSALIS PRO). The scattering from
the mylar foil and the instrumental background were sub-
tracted during the postprocessing. General Structure Analysis
System (GSAS) software with the graphical front-end EXPGUI
was used for the estimation of the coherent domain size via
an anisotropic line broadening model using the Scherrer
equation.*®*’ In nanocrystalline materials, the coherent domain
size can be assumed to be equal to the crystallite size. The
previously reported structure of COF-1 was used as a model.”
The atomic positions were fixed during the simulation, and
texture effects were corrected with a March-Dollase model
assuming a preferred orientation of 0.5 for 001. The final »*
distribution was found to be 3.145.

STM images were acquired with a home-built drift-stable
scanning probe microscope operated by an ASC500 scanning
probe microscopy controller from attocube systems AG. STM
measurements were conducted either directly at the liquid—solid
interface (precursor-COF monolayer) or under dry conditions
(after postprocessing). Constant current images were obtained
with tunneling voltages between +0.3 and +0.9 V applied to the
tip and set point currents between 50 and 90 pA.

XPS analysis was performed with a PHI 5000 VersaProbe
spectrometer (Physical Electronics) equipped with a 180° sphe-
rical energy analyzer and a multichannel detection system with
16 channels. Spectra were acquired at a base pressure of 5 x
10 7 Pa using a focused scanning monochromatic Al K,, source
(1486.68 eV) with spot size of 200 «m and beam power of 50 W.
The instrument was run in the FAT analyzer mode with electrons
emitted at 45° to the surface normal. Dual beam charge
neutralization was applied throughout the analysis. High-
resolution scans of the B1s, C1s, and O1s energy spectra were
taken with a pass energy of 23.5 eV. Data were analyzed using
the program MultiPak.
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Figure S1 STM images a) (58 x 58 nm?) and b) (35 x 35 nm?) obtained on HOPG after drop-casting a
suspension of BDBA that was thermally treated under dry conditions, i.e. in the absence of H>O. The
resulting structures are amorphous and only single polymerized chains and smaller covalent aggregates

can be discerned but no extended hexagonal networks.
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Figure S2 STM image of an extended 2D COF-1 monolayer (68 x 68 nm?) acquired under dry
conditions. This monolayer was prepared by drop-casting precursor COFs dispersed in nonanoic acid
and post-processing under humid conditions. The surface is fully covered and domains with lateral
extension of tens of nanometers can be observed with very few defects, like missing BDBA molecules.

Also a non-periodic contrast modulation is clearly discernable.
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Figure S3 STM image of an extended 2D COF-1 monolayer (60 x 60 nm?2) acquired under dry
conditions after verification of the thermal stability. To this end, an already post-processed sample was
exposed to 200 °C for almost 14 h (without supplying additional water). The COF-1 monolayer can
clearly be observed, and the thermal stability confirms the covalent nature of intermolecular bonds. Yet,

the coverage has slightly decreased, which may indicate a slow degradation.
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Figure S4 a) Powder X-ray diffractogram (Mo-K,) of thermally treated BDBA, i.e. pre-polymerization
into precursor-COFs (blue curve) b) Simulated curve of a) based on the previously published COF-1
crystal structure (black curve). The Rietveld refinement allows to estimate a precursor-COF crystal size
of 7.8 nm in lateral direction and 1.0 nm along the [001] axis (Chi2 = 3.145).1'2 c¢) Difference curve
between measured and simulated curve, i.e. (a) — (b). The large discrepancy is owed to the extremely
small crystal size and the low number of periods especially along the c-axis. Nevertheless, the main

features of the experimental diffraction data can be reproduced in the simulation.
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Figure S5 Raman spectra of a) untreated BDBA starting material (red curve), b) after thermal treatment
(blue curve), i.e. pre-polymerization into precursor-COFs c) after re-hydrolysis and re-crystallisation of
b) from H,O (green curve). Although not all modes could be assigned, the modes at ~1097 cm™ and at
~1378 cm™ are only observed for untreated and re-hydrolized BDBA and can be attributed to a B-O-H
rocking mode and B-O stretching vibrations of the free boronic acid groups, respectively.3 After thermal
treatment the rocking mode at ~1097 cm™ as well as other, not assigned modes at 770 cm™ and 310 cm’
'disappear, while new modes at ~713 cm™, ~804 cm™, and ~1004 cm™ appear. The new mode at ~804

cm™’ corresponds to the breathing mode of boroxine rings, and its presence indicates cyclo-condensation

of three boronic acid groups.4
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Figure S6 IR spectra of a) untreated BDBA starting material (red curve); b) after thermal treatment, i.e.
pre-polymerization into precursor-COFs (blue curve); c¢) after re-hydrolysis and re-crystallisation of b)
from H>O (green curve). The dotted square marks a region with weak peaks that can be attributed to
BO; rocking vibrations in the free boronic acid BDBA.” Notice their diminishment in the pre-
polymerized sample b).The IR spectrum of the pre-polymerized product is also in excellent agreement
with the results reported for solvothermally synthesized COF-1.° In particular, the absorption maxima in
the IR spectra of thermally treated samples at 701 em” and 1605 cm™ were also found for
solvothermally synthesized COF-1, and indicate the presence of boroxine rings.6 The first mode belongs
to out-of-plane deformation of the boroxine unit, and the second mode arises from boronic acid
(B(OH),) end groups in asymmetrically substituted benzenes. This mode is attributed to free boronic

acid groups which are still present on the surface of nanocrystals.
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Figure S7 Thermal Gravimetric Analysis (TGA) of previously untreated BDBA (rate: 10 °C / minute,
quantity: 11.430 mg). The weight loss due to the condensation is almost completed at ~250 °C. The

change of slope at temperatures above 250 °C may indicate the onset of thermal degradation.
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Degree of completion of the thermal polymerization

In order to detect the presence of residual unreacted BDBA after thermal treatment, the pre-
polymerized product was introduced in an effusion cell operated in high vacuum. The crucible aims at a
highly sensitive quartz crystal microbalance (QCMB), thus allowing to measure effusion rates as a
function of crucible temperature.7 However, heating the precursor-COF up to 200 °C did not result in a
detectable deposition of unreacted BDBA monomers on the QCMB chip, although the experiment
features monolayer sensitivity. In contrast, the sublimation onset of untreated BDBA starting material
can already be detected at ~100 °C, and the sublimation rate increases with temperature according to an
Arrhenius law (see below, Figure S8). From these experiments we conclude that the amount of residual

unreacted BDBA in the thermally treated material is extremely low.
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Figure S8 Characterization of the sublimation of untreated BDBA by means of an effusion cell and a
Quartz Crystal Micro Balance (QCMB).” a) Frequency shift Af of the QCMB as a function of time for
different crucible temperatures (indicated next to each curve). The linear dependence indicates a
constant effusion rate. b) Arrhenius plot of the data in a), where for each crucible temperature T the
slope of the respective frequency vs. time curve |IAf/Atl was used. These measurements demonstrate that
the free boronic acid can be sublimed, whereas form thermally treated BDBA (precursor-COFs) no
sublimation could be detected for crucible temperatures up to 200 °C, hinting towards an extremely low

amount of unreacted BDBA.
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Figure S9 Molecular Mechanics (MM) calculation of a hypothetic porous hexagonal BDBA monolayer
structure on a graphite substrate (not shown for clarity) based on the Dreiding force field. The graphite
substrate was approximated by two layers, and the atomic positions of the second one were fixed. The
BDBA molecules were arranged flat on the surface without constraints. The structure is stabilized by
cyclic intermolecular hydrogen bonds (indicated by dotted lines). Note that there are no boroxine rings
present here. The distance between adjacent pores, i.e. the lattice parameter of this hypothetical self-

assembled structure corresponds to 2.05 nm. Colour code: C = gray; B = pink; O =red; H = white.
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Figure S10 Temperature profile inside the reactor during the thermally induced ripening process of
precursor-COF layers into well-ordered 2D COF-1 monolayers with large domains. The oven was pre-
heated to 120 °C. While the reactor remained inside the oven for 60 minutes its interior temperature

reached 107 °C before it was removed and allowed to cool down. The temperature inside the reactor

remained above 100 °C for ~30 minutes.
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wo-dimensional covalent organic
Tstructures are a novel class of materi-
als with extraordinary properties
rendering them suitable for numerous po-
tential applications in nanotechnology.’
Especially porous networks, so-called cova-
lent organic frameworks (COF), are of great
interest for nanopatterning,” for organic
electronics,®* as nanoreactors,” and for im-
mobilization of functional molecules in size-
matched pores.® For the on-surface synth-
esis of covalent organic structures, different
types of chemical reactions were success-
fully employed, most prominently radical
recombination’ '® and condensation reac-
tions,'® 2% or a combination thereof.?*?* In
particular, the polycondensation of boronic
acids on surfaces has already yielded pro-
mising results.'*?*252% Moreover, both
mechanisms and thermodynamics of the
on-surface condensation of 1,4-benzenedi-
boronic acid were already studied by den-
sity functional theory complemented by
entropy considerations.? It was suggested
that the surface polycondensation is endo-
thermic and, hence, entropically driven as a
result of the elimination and release of
water molecules as reaction byproduct. Ac-
cording to Le Chatelier's principle, supply-
ing H,O offers a way to introduce revers-
ibility in the condensation reaction, a key
requirement for the synthesis of long-
range-ordered covalent structures.'?*%’
Recently, we demonstrated a novel and
straightforward preparation protocol for the
synthesis of regular and extended surface-
confined 2D COFs based on the polycon-
densation of 1,4-benzenediboronic acid
(cf. 1 in Figure 1) as a model system.” This

DIENSTMAIER ET AL.

ABSTRACT
3 -H,0
L P
5 7
Yo S i
- -
>

On-surface self-condensation of 1,4-benzenediboronic acid was previously shown to yield
extended surface-supported, long-range-ordered two-dimensional covalent organic frame-
works (2D COFs). The most important prerequisite for obtaining high structural quality is that
the polycondensation (dehydration) reaction is carried out under slightly reversible reaction

conditions, i.e., in the presence of water. Only then can the subtle balance between kinetic and

thermodynamic control of the polycondensation be favorably influenced, and defects that are
unavoidable during growth can be corrected. In the present study we extend the previously
developed straightforward preparation protocol to a variety of para-diboronic acid building
blocks with the aim to tune lattice parameters and pore sizes of 2D COFs. Scanning tunneling

microscopy is employed for structural characterization of the covalent networks and of

noncovalently self-assembled structures that form on the surface prior to the thermally

activated polycondensation reaction.

KEYWORDS: condensation + dehydration - scanning tunneling microscopy *
surface chemistry - boronic acid - covalent organic frameworks

diboronic acid building block was also suc-
cessfully used in the synthesis of COF-1 bulk
crystals.®® For the on-surface polymeriza-
tion, the reaction was pursued in an
open system, where an initially added
amount of water and eventually the H,O
partial pressure decrease over time. On the
other hand, very promising results were also
accomplished by Guan et al. in a closed
system, where H,O was supplied by the
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Figure 1. Molecular structures of diboronic acid monomers:
1, 1,4-benzenediboronic acid (previously studied); 2, biphe-
nyldiboronic acid; 3, terphenyldiboronic acid; 4, quaterphe-
nyldiboronic acid; 5, pyrene-2,7-diboronic acid.

temperature-dependent and reversible dehydration of
CuS0,-5H,0.%% In both sets of experiments graphite
(001) served as an inert substrate and is not believed to
play a vital chemical role in the polymerization. For 2D
COF synthesis according to the first method, 1 was
dissolved in an organic solvent (alkanes, aliphatic
alcohols, or carboxylic acids) and drop-cast onto the
substrate. The polymerization was initiated by a ther-
mal treatment in an open system. The final structure is
formed when the water has vanished and covalent
interlinks are no longer reversible. The 2D COFs were
characterized by scanning tunneling microscopy
(STM), and the covalent cross-linking was unambigu-
ously verified by comparison of experimental with
theoretical lattice parameters, aided by verification of
both the monolayers' high thermal stability and the
accompanying chemical changes by X-ray photoelec-
tron spectroscopy.?” The above straightforward synth-
esis protocol yields full surface coverage with 2D COF-1
featuring domain sizes exceeding 40 x 40 nm?.
While in the previous work the proof of principle was
demonstrated, we now extend our studies to show that
the proposed synthesis protocol can also yield struc-
turally diverse 2D COFs with increased pore dimen-
sions. Adjustable pore sizes are an important pre-
requisite to specifically design host systems for variably
sized guests as large functional molecules?' To this
end, we adapt a well-established synthesis strategy of
isoreticular organic structures, where the length of an
organic spacer group of the monomer is increased by
adding conformationally rigid entities as phenyl or
ethinyl groups, while maintaining the steric arrange-
ment of linker groups. Yaghi et al. and Dichtel et al.
successfully implemented this principle with para-
diboronic acids for bulk COFs.3%3233 Since the linear
arrangement of the two boronic acid functionalities is
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Figure 2. General reaction scheme of diboronic acid self-
condensation into hexagonal 2D COFs. The straight organic
backbones of the diboronic acids are symbolically repre-
sented by ellipses.

maintained, the network topology is not changed. In
addition, we demonstrate that not only p-polyphenyl
diboronic acids but also a para-diboronic acid with an
aromatic pyrene backbone are suitable monomers for
2D COFs. While the same pyrene diboronic acid already
yielded bulk COFs with a layered structure®* the
synthesis of a single surface-supported 2D COF layer
represents a major step toward templated growth.

Since boronic acids are known to form stable hydro-
gen-bonded structures, we now also study non-
covalent self-assembly of the building blocks at the
liquid—solid interface. This is important, because hy-
drogen-bonded complexes of boronic acids were iden-
tified as significant intermediate structures in the self-
condensation reaction.?? Consequently, self-assembled
diboronic acid monolayers may be an important pre-
cursor structure for the polycondensation and might
also influence 2D COF formation in the subsequent
thermal treatment. Self-assembled structures of 1 were
already observed upon deposition onto silver and gold
surfaces under ultrahigh-vacuum (UHV) conditions.®>*®
Although the basic experimental conditions between
UHV and the liquid—solid interface are fundamentally
different and the interaction between monomers and
metals is typically stronger, preceding supramolecular
phases may play a general role in polymerization
reactions of monomers that can also form relatively
stable hydrogen-bonded structures.

RESULTS AND DISCUSSION

The cyclic self-condensation of three boronic acids
yields planar boroxine rings (B3O3), whereby three H,O
molecules per boroxine ring are eliminated.?¢3%3*
Accordingly, self-condensation of diboronic acids can
result in fully reticulated planar networks, as has been
demonstrated for both 2D and layered 3D systems. The
self-condensation of diboronic acids yields covalent
sheets with a hexagonal arrangement of boroxine
rings that are interconnected by the organic backbone
of the diboronic acid monomer. The general reaction
scheme of the self-condensation is outlined in Figure 2.
Here the polycondensation reaction is carried out in an
open system. Reversible reaction conditions are rea-
lized by adding a small amount of water to the bottom
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TABLE 1. Summarized Experimental and Molecular Mechanics (MM)-Derived Lattice Parameters for All 2D COFs and
MM-Derived Adsorption Energies on Graphite for All Diboronic Acid Building Blocks

experimental lattice parameters

building block a[nm] b [nm] 7 [deg] a[nm]
2 14+£01 14+£01 60.0 £+ 3 15
2 21+03 21+£03 589 44 23
3 29402 29402 57.5+3 30
4 35+£03 36+£03 620+ 5 38
5 21401 21£0.1 589 £ 2 23

MM-derived lattice parameters

b [nm] ¥ [deg] pore size® [nm] MM adsorption energy [kJ/mol]
1.5 60 1.0 254.6
23 60 16 405.4
3.0 60 24 535.8
38 60 32 685.1
23 60 14 5113

? Derived in a previous study.?” ® Maximum diameter of a disk that fits into a pore in a van der Waals representation of the respective 2D COF.

of the reactor, and the polymerization is initiated by
tempering to ~100 °C. During the heating procedure
the water evaporates and the chemical equilibrium is
eventually fully shifted to the dehydrated state. Details
of the protocol can be found in the Materials and
Methods section.

Chemical modification of the organic backbone is
the strategy pursued to increase the pore size of COFs
with the aim to establish an isoreticular series of 2D
COFs. This general design principle for organic materi-
als is well known from supramolecular monolayers,3”38
isoreticular metal organic frameworks (MOF),3° and 2D
metal coordinated networks*® and has also been
exploited successfully for bulk crystals of various di-
boronic acid-derived COFs.***4'#2 The compounds
utilized in this study are illustrated in Figure 1: benzene
diboronic acid (1) as used in the previous study,
biphenyldiboronic acid (2), terphenyldiboronic acid
(3), quaterphenyldiboronic acid (4), and pyrene-2,7-
diboronic acid (5). The organic backbones of all di-
boronic acids are composed of phenyl rings, either
o-bonded (1—4) or fused into a pyrene core (5). Planar
adsorption of these organic backbones is driven by
m—z interactions with the graphite substrate, whereby
the adsorption energies increase with backbone size.
The two boronic acid functional groups are attached in
para-position, hence providing straight linkers. Assum-
ing a fully planar geometry of the polyphenyl back-
bone as known from adsorbed polyphenyls,**** all
building blocks have D5, symmetry. In order to obtain
crystallographic reference data for all 2D COFs, their
theoretical lattice parameters were calculated by
molecular mechanics (MM) calculations; results are
listed in Table 1 and compared to experimental data.
Additionally, the MM-derived adsorption energies with
respect to the gas phase are provided.

Utilizing the standard synthesis procedure, all build-
ing blocks yielded well-ordered 2D COFs on graphite;
representative STM images of all networks are de-
picted in Figure 3. In the following the results obtained
for the not previously studied diboronic acids (2—5)
are described in more detail.

Biphenyldiboronic Acid (2). Self-condensation of 2 yields
2D COFs with a domain size of up to 100 x 100 nm? and
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Figure 3. STM images of 2D COFs derived from polycon-
densation of the following monomers: (a, b) 2, (c, d) 3, (e, f) 4,
(g, h) 5. The respective monomers are depicted in the insets.
Details for all 2D COFs can be found in the text.

almost full surface coverage, as illustrated in Figure 3a
and b. In the detailed view, contrast features within the
pores are clearly discernible and are attributed to
either residual solvent molecules or unreacted mono-
mers. The experimental lattice parameter of this p6mm
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Figure 4. (a) STM image of self-assembled monolayers of terphenyldiboronic acid (3) acquired at the liquid—solid interface
with heptanoic acid. Overlaid molecules are drawn to scale. (b) Tentative model as derived from the STM data. Unit cell and
hydrogen bonds are indicated by dashed blue and green lines, respectively. (c) Side-view of the model with tilted molecular
planes with respect to the substrate. Such tilting is suggested by the small inter-row spacing and was similarly found in
comparable bulk crystals and monolayers of 1. (d) STM image of a thermally treated sample (70 °C, 30 min) showing the
coexistence of unreacted self-assembled domains (lower left part) and first 2D COFs (upper right part).

symmetric structure of 2.1 + 0.3 nm agrees well with
the theoretical value of 2.3 nm and thereby confirms
covalent interlinking into the anticipated network
structure. In a recent study, the diboronic acid 2 was
likewise polymerized in a closed system, where the
hexagonal networks had similar lattice parameters.?®
Noncovalent self-assembly of 2 into stable structures
could not be observed at the heptanoic acid—graphite
interface at room temperature. However, a gentle
thermal treatment at temperatures that are signifi-
cantly lower than the 100 to 150 °C previously used
to activate the polymerization on graphite?®?” already
promotes self-condensation.

Samples were thermally treated at 50 °C for ~30 min
(without reactor) and studied ex situ after they had
cooled to room temperature. Subsequent STM ima-
ging revealed small to intermediate domains of the 2D
COF. This indicates that with monomer 2 the reaction
can already be initiated at around 50 °C on graphite
and that the presence of additional water is not
required for the initial growth of small domains. How-
ever, without addition of water full surface coverage
was never accomplished.

Terphenyldiboronic Acid (3). Domains of a 2D COF with
lateral extensions up to 100 x 100 nm? are routinely
obtained through polycondensation of 3 by applying a
thermal treatment similar to that for 2 with similar
temperatures and exposure times. Almost full surface
coverage with only a few voids or missing molecules
was achieved, and representative STM images are
depicted in Figure 3c and d. Again, the experimental
lattice parameter of this p6mm symmetric 2D COF of
2.9 + 0.2 nm agrees well with the MM-derived lattice
parameter of 3.0 nm.

Noncovalent Self-Assembly of 3. In contrast to 1 and 2
(diboronic acids with only one or two phenyl rings) the
terphenyl diboronic acid 3 was also found to self-
assemble into interfacial monolayers that are stabilized
by noncovalent interactions. These supramolecular
structures were studied on samples without any
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previous thermal treatment directly at the heptanoic
acid—graphite interface with the STM tip immersed
into solution. As evident from the STM images pre-
sented in Figure 4a, the supramolecular monolayers
almost fully cover the surface. The structure possesses
an almost hexagonal lattice with a=2.1 + 0.1 nm, b=
2.2 £ 0.1 nm, and y = 62 £ 3°. Single molecules are
clearly identified by both their size and shape as well as
by their intramolecular contrast with three clearly
separated protrusions. These can be assigned to the
three individual phenyl rings of the terphenyl
backbone.** The unit cell contains two molecules; a
tentative model of the structure is shown in Figure 4b.
As deduced from the molecular arrangement, the
structure is stabilized by five B—O- - -H—O hydrogen
bonds per unit cell. The model suggests that molecules
may not adsorb entirely planar, but slightly tilted, as
illustrated in Figure 4c. This tilt aids in reducing the
steric hindrance of the otherwise too tightly packed
polyphenyl backbones of adjacent molecules and,
thus, promotes a higher surface packing density. Simi-
lar tilting was proposed for 1 both in the sheets of bulk
crystals*® and in self-assembled 2D structures on a KCl
surface.*® Interestingly, a comparable thermal treat-
ment to that for 2 at a similar temperature of 50 °C but
up to ~1 h was not sufficient to initialize polymeriza-
tion of 3. Instead, the self-assembled monolayer per-
sisted. 2D COFs start to nucleate only upon exposure to
higher temperatures, around 70 °C, for ~30 min.
However, as illustrated in Figure 4d, covalent domains
still coexist with self-assembled structures. Again, by
means of a simple thermal treatment without H,0, full
surface coverage of a 2D COF was never accomplished.

A solvent dependence was observed for thermal
treatment at 120 °C in the reactor with additional
water. Using heptanoic acid as solvent, only COFs were
observed, but no self-assembled structures anymore.
Yet after a similar thermal treatment with dodecane as
solvent, COFs and self-assembled supramolecular
structures still coexisted. This solvent effect can be
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Figure 5. STM images depicting self-assembled and covalently interlinked structures of quaterphenyl diboronic acid (4). (a)
Example of incomplete polymerization, where hexagonal covalent networks and remainders of the self-assembled structures
coexist. The light blue arrows point to tripod structures where single boroxine rings were already formed by condensation of
three monomers. The linear arrangements, marked by the dotted oval, are residues of the self-assembled structure. (b) Self-
assembled structures of a nontreated sample; two different polymorphs are commonly observed: structure 1 with one
molecule per unit cell and lattice parameters a = 1.1 + 0.1 nm; b = 2.1 + 0.1 nm; y = 62 + 3° (marked by the dashed circle);
structure 2 with two molecules per unit cell and a = 2.0 + 0.1 nm; b = 2.3 + 0.1 nm; y = 53 + 2° (upper part). (c) Close-up of
structure 1 with overlaid scaled molecules. The unit cell is marked in blue.

rationalized by the different nature of both solvents:
Heptanoic acid is a polar, protic solvent, whereas
dodecane is a nonpolar, nonprotic solvent. Since the
molecular packing density in the self-assembled
monolayer is around 1.4 times higher than in the
porous COF, desorption is a necessary preceding step
for COF formation. At the liquid—solid interface, the
desorption barrier from the surface into the liquid
phase depends on the ability of the solvent to accom-
modate the adsorbate. Since boronic acids can be
significantly better dissolved in heptanoic acid where
the molecules can be stabilized by hydrogen bonds, a
lower desorption barrier promotes COF formation in
heptanoic acid. Albeit less obvious, desorption of the
monomers into a supernatant liquid phase might also
play a key role in the experiments of Guan et al.*®
where in a closed system water pressure is built up by
the reversible dehydration of CuSO,4-5H,0. The
authors state that full dehydration would result in a
H,O partial pressure of 8 atm. Although the actual
water pressure might be lower, it appears likely that at
sizable H,O partial pressures a thin water film can form
even on hydrophobic graphite surfaces. This liquid
layer would promote desorption of the water-soluble
diboronic acids. Consequently, a comparable reaction
mechanism becomes conceivable for both preparation
protocols.

Quaterphenyldiboronic Acid (4). Applying the same
synthesis protocol with compound 4 yields 2D COFs
with domains up to 40 x 40 nm? and representa-
tive STM images are depicted in Figure 3e and f.
Again, a good agreement between the experimental
lattice parameter of this hexagonal structure of
3.5 £ 0.3 nm with the MM-derived value of 3.8 nm
proves formation of the anticipated covalent network.
As shown in Figure 3e and f, despite the structural
perfection and the long-range order of the networks,
only partial surface coverage was accomplished.
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Additional changes in the preparation protocol includ-
ing higher oven temperatures for the thermal treat-
ment (140 °C instead of 120 °C) or iterations of the
synthesis protocol on the same sample, where new
solution was added to a pre-existing COF and further
thermal treatment was applied, did not improve the
surface coverage.

Often molecular arrangements at different stages of
the polymerization process, i.e., self-assembled struc-
tures, larger covalent aggregates, and emerging COF
structures, were found to coexist on the surface; an
example is shown in Figure 5a.

Noncovalent Self-Assembly of 4. Likewise noncovalent
self-assembly of 4 was studied at the liquid—solid
interface by the method described above. However,
well-ordered self-assembled monolayers were not ob-
served upon room-temperature deposition, but rather
disordered adsorption of single molecules. Only if the
samples were heated at 50 °C for ~1 h (without reactor,
residues of solvent still present) were two different
well-ordered, noncovalent self-assembled polymorphs
observed ex situ after the sample had cooled. The first,
more often observed structure depicted in Figure 5b
exhibits lattice parametersofa=1.1+0.1 nm,b=2.1+
0.1 nm,and y =61 =+ 3° with one molecule per unit cell.
The second structure is highlighted by the circle in
Figure 5b and features two molecules per unit cell with
lattice parameters a = 2.0 &+ 0.1 nm, b= 2.3 £+ 0.1 nm,
and y = 53 =+ 2°. Here the arrangement in the mono-
layer is similar to the self-assembled structure found for
3 (cf. Figure 4a). Interestingly, for the quaterphenyldi-
boronic acid, even a thermal treatment at 70 °C did not
initiate the polymerization. Only thermal treatment at
temperatures around 100 °C in the reactor eventually
yielded COFs.

Pyrene-2,7-diboronic Acid (5). While in the previous
examples we have demonstrated the possibility
to extend lattice parameters and pore sizes by
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Figure 6. STM images of pyrene-2,7-diboronic acid (5) on graphite. (a) Disordered noncovalent arrangement observed at the
liquid—solid interface upon room-temperature deposition of heptanoic acid solution. (b) Related 2D COF, obtained after
thermal treatment of 5. At the right-hand side a second layer of the 2D COF can be discerned by the brighter contrast. Firstand
second layer are stacked in an eclipsed manner, as indicated by the blue hexagons.

progressively adding phenyl rings to the organic back-
bone of diboronic acids, we now demonstrate that the
nature of the organic backbone can likewise be mod-
ified. To this end we have chosen pyrene-2,7-diboronic
acid, because corresponding bulk COFs have shown
interesting optoelectronic properties.>* By shining
light on electrically contacted COFs in a gap config-
uration, photocurrents could be measured. The bulk
structure obtained from solvothermal self-condensation
of 5 exhibits a layered structure with eclipsed stacking of
the covalent sheets.

For the synthesis of 2D COFs the same preparation
protocol can be applied to 5 and yields 2D COFs with
domains up to 100 x 100 nm? in size, as shown in
Figure 3g and h. The structural quality of these COFs is
high, and the defect density is very low. As for the
polyphenyl networks, formation of the desired cova-
lent network is again proven by the good agreement
between the experimental (2.1 & 0.1 nm) and theore-
tical lattice parameter of 2.3 nm. Both values are
consistent with the in-plane lattice parameter of
2.22 nm of the corresponding bulk structure.>*

Self-assembly of well-ordered noncovalent structures
of 5 was never obtained, not even for thermally treated
samples. However, short-range-ordered arrangements
of 5 were observed at the heptanoic acid—graphite
interface; a typical STM image is depicted in Figure 6a.
These disordered arrangements persisted, even when
the samples were heated at 70 °C for ~1 h.

DISCUSSION

All diboronic acids studied were suitable building
blocks for the synthesis of long-range-ordered 2D COFs
on graphite. The lattice parameters of all COFs agree
well with theoretical values from MM calculations and
available experimental data, whereby formation of
covalent networks through the anticipated cyclo-
condensation is verified.

An exceptional case is the pyrene-derived COF,
where formation of a second layer is often observed;
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representative STM images are depicted in Figures 3g
and 6b. Formation of bilayer COFs was found in
particular for higher concentrations of the monomer
5 in the applied solution. High-resolution images with
only partial coverage of the second layer allow to
directly deduce the relative arrangement between
both covalent layers in real space. This is demonstrated
in Figure 6b by superimposing the common hexagonal
lattice. The pyrene-derived COF exhibits eclipsed stack-
ing, as similarly proposed for the corresponding bulk
COF structure.>*

For a better understanding of the underlying reac-
tion mechanism, it is instructive to also study nonco-
valent self-assembly of the respective diboronic acids.
Interestingly, self-assembled structures of the diboro-
nic acids at the liquid—solid interface were observed
only for the intermediately sized diboronic acids 3, 4,
and 5. Intermolecular hydrogen bonds that are
mediated by the free boronic acid groups add to the
stabilization of those monolayers. The absence of self-
assembled monolayers of the smaller boronic acids 1
and 2 can be explained by their relatively low adsorp-
tion energies, which are apparently too small to stabi-
lize the interfacial monolayer (cf. Table 1 for
MM-derived values). It is important to note that the
MM-derived adsorption energies refer to isolated mol-
ecules in the gas phase. Desorption energies with
respect to the liquid phase can be vastly different,
due to stabilizing contributions from solvation enthal-
py.In general, the enthalpic stabilization of monolayers
at the liquid—solid interface is comprised of two major
contributions, i.e., from molecule—molecule interac-
tions and from molecule—substrate interactions. When
the sum of both contributions is too small to com-
pensate the entropic cost of self-assembly, ordered
structures are thermodynamically not stable at the
liquid—solid interface. On the other hand, when the
organic backbone becomes too large, the surface
mobility can be inhibited and monolayer self-assembly
can become kinetically hindered. This is obviously the
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case for compounds 4 and 5 at room temperature,
where only disordered adsorption occurred. Only after
thermal activation does the enhanced surface mobility
facilitate self-assembly of 4 into ordered structures,
whereas for 5 even then the disordered structure
persisted. Although the adsorption energy of 5 is lower
than that of 4 and comparable to that of 3, its surface
mobility appears to be the lowest for the diboronic
acids studied here. While large adsorption energies can
be taken only as a hint for high surface diffusion
barriers, the actual corrugation of the surface potential
in relation to thermal energy determines the surface
mobility. So apparently the favorable registry between
the pyrene core and the graphite substrate results in
strongly preferred adsorption sites that are associated
with relatively deep energetic minima, hence a high
corrugation of the surface potential. Disordered ar-
rangements that are caused by a low surface mobility
on graphite were even observed for comparatively
small aromatic cores as in naphthalene dicarboxylic
acid.*’

Since the self-assembled monolayers emerge as an
intermediate structure en route to the final 2D COF, the
observed increase of the required activation tempera-
ture for polycondensation from 2 to 4 can be explained
along these lines. Experimentally, we find that 2 al-
ready polymerizes below 50 °C, while 3 requires tem-
peratures around 70 °C. For 4 even higher tem-
peratures were necessary to observe first covalent
structures. Thermal activation is needed not only to
initiate the polycondensation but also to break up the
preceding noncovalent arrangement, ie., the self-
assembled monolayer. The enthalpic stabilization per
molecule within the self-assembled monolayer in-
creases with molecule size, thereby hinting toward a
possible explanation for the increasing polymerization
temperatures for monomers 2 to 4. However, also the
energetic barriers for many other processes that are
vital for the thermally activated polymerization in-
crease with monomer size. An obvious and definitely
important example thereof is surface diffusion. Porte
et al. studied the polymerization of 1 on Cu(111),
Ag(100), Ag(111),and Au(111) in great detail and found
the lowest degree of reticulation on Cu(111), the sur-
face with the highest diffusion barrier.3* Spontaneous
polymerization at room temperature without further
thermal activation was observed on Ag(100), yet on a
time scale of tens of hours. Here the rate-determining
step is most probably surface diffusion. Interestingly,
polymerization starting from self-assembled mono-
layers of 1 on Ag(100) could be greatly accelerated
either by electron bombardment or locally by STM
imaging with reduced tip—sample distance.®® The
authors propose that either enhanced surface diffusion
or promoted desorption could account for their ob-
servations. The poorly ordered structures observed
upon room-temperature deposition of 4 and 5 clearly
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indicate that surface diffusion can become a limiting
factor, even on weakly interacting graphite surfaces.
Desorption as a competing process is another impor-
tant issue for thermally activated on-surface polymer-
ization of preceding densely packed self-assembled
monolayers. For polymerization of 1 on Au(111) pre-
ferred desorption upon annealing already results in a
greatly diminished surface coverage, and COFs were
found only in the vicinity of substrate step-edges,
where the monomers were attached more strongly.
Yet, the situation at the liquid—graphite surface ap-
pears to be beneficial for polymerization as compared
to metals in UHV. On one hand the surface-diffusion
barriers on graphite are still quite low, and on the other
hand desorption is not an irreversible process as in
UHV. At the liquid—solid interface desorbing mol-
ecules are not irretrievably lost, but are still solvated
in the liquid phase and available for the on-surface
polymerization. Especially, when the solvent that was
initially used for drop-casting evaporates during the
thermal treatment, the monomer concentration in
solution increases, thereby reinforcing the thermody-
namic driving force for readsorption.

In summary, studying the ability of the monomer to
form thermodynamically stable self-assembled struc-
tures might be useful for understanding trends in
activation temperatures and the magnitudes of ener-
getic barriers for surface diffusion and desorption.

CONCLUSION

In the present work, regular and extended 2D COFs
were prepared according to a previously developed
straightforward synthesis protocol.?” Structural versa-
tility was obtained by polycondensation of four differ-
ent diboronic acids. By using para-diboronic acids
where the size of the organic backbone was incremen-
tally varied from phenyl to quaterphenyl, a series of
isoreticular 2D COFs was created. The lattice param-
eters of these isoreticular networks range from
1.5 nm (1) to 3.8 nm (4), and the corresponding pore
sizes increase from ~1.0 to 3.2 nm. In addition, we
could demonstrate that a para-diboronic acid with a
pyrene core is similarly suited to yield 2D COFs with
pémm symmetry. For this system, indications of bilayer
growth are also found with a similar eclipsed stacking
to that observed in bulk crystals. In addition to their
polymerization the capability of the diboronic acids to
self-assemble into stable structures on the surface was
studied by STM. Self-assembled, long-range ordered
monolayers upon room-temperature deposition were
observed only for 3, while room-temperature deposi-
tion of 4 and 5 yielded poorly ordered structures. Since
mild heating could improve the structural quality for 4
but not for 5, a limited surface mobility at room
temperature could account for the low degree of order
in these kinetically trapped structures. Stable mono-
layers of 1 and 2 were not observed, because the
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molecule—substrate interaction of these smaller mol-
ecules is too low to stabilize the interfacial monolayer.

By means of additional studies with varying activa-
tion temperature we find that for monomers 2 to 4 the
temperature threshold for the onset of polymerization
increases with the size of the organic backbone. Sev-
eral different reaction steps, such as breaking up of
hydrogen-bonded aggregates, surface diffusion, re-
orientation, and possibly desorption, are required to

MATERIALS AND METHODS

The synthesis of biphenyldiboronic acid (2) and pyrene-2,7-
diboronic acid (5) is reported elsewhere.***® Details of the
synthesis of the new diboronic acid building blocks terphenyl-
diboronic acid (3) and quaterphenyldiboronic acid (4) can be
found in the Supporting Information. Heptanoic acid (Fluka,
purity =98%) was used as solvent for all building blocks and
additionally dodecane (Sigma-Aldrich, anhydrous, purity
>99%) for 3. For the 2D COF synthesis a small amount
(~1 mg) of the respective compound was added to 1.5 mL of
solvent, sonicated for 90 min, and centrifuged for up to 15 min.
This procedure does not fully dissolve the molecules.
Subsequently, the solutions were again dispersed by careful
shaking, yielding a whitish suspension. Then an amount of
~7.5 uL of the respective suspensions was applied to a freshly
cleaved (001) surface of highly oriented pyrolytic graphite
(HOPG) and immediately transferred to a stainless steel reactor
(7.7 mL volume) with the sample surface pointing upward. The
reactor was then placed into a preheated oven for 60 min at
120 °C. Reversible reaction conditions were realized by a H,O
atmosphere that was generated by adding 50 uL of water to the
bottom of the reactor (not in direct contact with the sample). A
slightly opened valve on the reactor allowed gas exchange with
the environment; that is, the reactor was operated as an open
system. After the thermal treatment, the reactor was taken out
of the oven and allowed to cool for at least 20 min before the
samples were removed. After this procedure both the solvent
and water were completely evaporated. Subsequently, the
samples were characterized by scanning tunneling microscopy
using a home-built drift-stable instrument driven by an ASC
500 scanning probe microscopy controller from attocube Sys-
tems AG. Constant current images were obtained with tunnel-
ing voltages between +0.4 and +1.1 V applied to the tip and set
point currents between 40 and 110 pA. For all experiments
mechanically cut 90/10 Ptlr tips were used. In order to study the
onset of polymerization, the influence of a thermal treatment at
lower temperatures from 50 to 70 °C was studied by placing the
samples directly into the oven without the reactor, thereby
reducing the influence of thermal inertia.

Noncovalent self-assembly of the diboronic acid building
blocks was studied directly at the liquid—solid interface. To this
end, 5 uL of solution was deposited on a freshly cleaved HOPG
substrate, and self-assembled monolayers were characterized
with the STM tip immersed into solution.

Molecular mechanics simulations were conducted for all 2D
COFs on a graphite substrate using the Dreiding force field.
Similarly adsorption energies of single molecules were esti-
mated for all building blocks. The graphite substrate was
approximated by two layers with the atomic positions of the
lower layer fixed. Arrangements of six unit cells were optimized
for each structure.
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convert a noncovalent self-assembled monolayer into
a surface-supported 2D COF. Since the energetic bar-
riers of these elementary processes increase with
monomer size, itis difficult to reveal the rate-determining
reaction step. Hence, for a more detailed understand-
ing of the polymerization mechanism and kinetics it
would be highly desirable to study the polymerization
in situ at the molecular scale by means of temperature-
dependent STM experiments.

Supporting Information Available: Synthesis of terphenyldi-
boronic acid (3) and quaterphenyldiboronic acid (4). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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1. Synthesis of terphenyldiboronic acid ([1,1":4',1"-terphenyl]-4,4"-divldiboronic acid)

SiMe, B(OH),

‘ ) 1. ZnCl, THF O O
SiMe; SiMe, ~

NMP 10% v
2. PdCl, (dppf) (1mol%) BBr; (2.2 eq)

Mg, LiCl (1eq) oah 1t O CH,CL, O
, ,Cly

THF 24h 1t

0.1. Br—< >—Br

Br MgBr
- DO

SiMes B(OH);

(4) (5)

A round-bottom flask equipped with a magnetic stirring bar was charged with magnesium turnings (2.15
g, 88.20 mmol, 1.4 equiv.) and lithium chloride (3.00 g, 63.35 mmol, 90 %, 1.0 equiv). The reactants were
dried under vacuum at 250 °C, the mixture was then allow to cool under argon atmosphere. Subsequently 50
ml of anhydrous tetrahydrofuran was added. Activation of the magnesium turnings was achieved by stirring
for ca. one hour. Afterwards (4-bromophenyl)trimethylsilane (1) (15.21 g, 63.35 mmol, 1.0 equiv) was added
dropwise. After 5 minutes, an exothermic reaction set in. The solution was stirred for another hour, and
subsequently added dropwise to an ice bath-cooled mixture of zinc (II) chloride (4.36 g, 32.00 mmol, 0.5
equiv.) in 32 ml THF and 3.2 ml (10 %) N-Methyl-2-pyrrolidone (NMP).

In a 250 ml round-bottom flask palladium (II) acetate (28.10 mg, 1.13 mmol, 0.50 mol%), 2-
dicyclohexylphosphino-2',6'-dimethoxybiphenyl (102.60 mg, 0.25 mmol, 1.0 mol%) and 1, 4-
dibromobenzene (3) (5.90 g, 25.00 mmol, 0.4 equiv) were dissolved in tetrahydrofuran (20 ml). This mixture
was added dropwise to the zinc compound, after a short time the color of the exothermic reaction turned
brown and a solid precipitated. The suspension was quenched with a saturated ammonium chloride solution.
The mixture was extracted four times with diethylether. Successively the grey solid was filtered and dried at
80 °C in an oven for 16 h. Recrystallization in n-heptane yielded the product as a grey solid (5.68 g, 15.5
mmol, 60 %).

[1.14',1"]terphenyl-4,4"-di-trimethylsilane (4) (5.68 g, 15.5 mmol, 1.0 equiv) was dissolved in 140 ml
dichloromethane. Subsequently boron tribromide (9.5 g, 37.9 mmol, 2.2 equiv) was added and the reaction

mixture was stirred at room temperature for 24 h. The white suspension was poured on ice (250 g) and stirred
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until the ice was completely molten. Dichloromethane was removed on the rotary evaporator and the product

was filtered. Recrystallization in water yielded a white powder (5) (2.83 g, 8.9 mmol, 57 %).

2. Synthesis of quaterphenyldiboronic acid ([1,1':4'.1":4".1""-quaterphenyl]-4.4"'-diyldiboronic acid)

SiMe, B(OH),

1. ZnCl, THF

SiMe, SiMe, NMP 10% v
) 2. PdCl, (dppf) (1mol%) BBr; (2.2 eq)
Mg, LiCl (leq) 24h 1t CH,Cl,
— L
THF 24hrt
o.n. BrBr
Br MgBr

™) @ ®)

SiMes B(OH),

© L

In a round-bottomed flask bis(di-fert-butyl(4-dimethylaminophenyl)phosphine)dichloropalladium(Il) (5
mg, 0.007 mmol) and 4,4'-dibromo-1,1'-biphenyl (8) (0.624 g, 2.0 mmol, 0.4 equiv.) were dissolved in
tetrahydrofuran (20 ml). This mixture was added dropwise to the zinc compound. The suspension was
quenched with 50 ml of a saturated ammonium chloride solution. The mixture was extracted four times with

30 ml of diethylether. Subsequently the white solid was filtered and dried in vacuo (0.56 g, 1.3 mmol, 65 %).

4.4"-bis(trimethylsilyl)-1,14',1":4",1"-quaterphenyl (9) (0.56 g, 1.3 mmol, 1.0 equiv) was dissolved in
25 ml dichloromethane. Subsequently boron tribromide (0.715 g, 2.86 mmol, 2.2 equiv) was added and the
reaction mixture was stirred at room temperature for 24 h. The white suspension was poured on ice (250 g)
and stirred until the ice was completely molten. Dichloromethane was removed on the rotary evaporator and

the product was filtered. Recrystallization in water yielded a white powder (10) (0.38 g, 0.96 mmol, 74 %).
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