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Dynamics in Self-assembled Organic
Monolayers at the Liquid/Solid Interface
Revealed by Scanning Tunneling
Microscopy

Steven De Feyter*, Hong Xu, and Kunal Mali

Abstract: The liquid/solid interface provides an interesting medium for molecular self-assembly and scanning
tunneling microscopy is the preferred technique to analyse the structural features of the surface-supported
self-assembled monolayers in this medium. An interesting aspect is the phenomenon of molecular dynamics
at the liquid/solid interface. In this mini-review, we report on our efforts and strategies to investigate and even
induce molecular dynamics at the liquid/solid interface, bringing insight to various kinds of processes such as

conformational, translational and adsorption/desorption dynamics.
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Introduction

Scanning tunneling microscopy (STM)
is a very useful technique to investigate
molecular adsorption on atomically-flat
conductive surfaces, with submolecular
resolution. While initial efforts addressed
the visualisation of molecules under ultra-
high vacuum (UHV) conditions, soon it
became clear that such conditions are not
an absolute requirement for high-quality
microscopy and visualisation. In particu-
lar, the liquid/solid interface turned out to
be an excellent medium to induce molecu-
lar self-assembly, typically resulting in the
formation of surface-supported monolay-
ers and to investigate their structural fea-
tures by STM.[12I Successful monolayer
formation and STM imaging require
balanced molecule-molecule and mol-
ecule—substrate interactions: a too strong
interaction immobilises the molecules
and impedes self-assembly into ordered
two-dimensional (2D) layers. A too weak
interaction may lead to a too high mobil-
ity making high-resolution STM imaging
impossible.
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Compared to sample preparation and
measuring under UHV conditions, the
liquid/solid interface has a number of ad-
vantages: 1) The experimental approach
is straightforward and does not require a
complicated or as expensive infrastructure.
ii) Though the UHV environment provides
excellent control leading to unprecedented
high resolution,3-%1 not all species can be
adapted to UHYV, such as those with rela-
tively low thermal stability or big size.
The demands set on the properties (size
and function) of the molecules under in-
vestigation at the liquid/solid interface are
more relaxed. iii) The choice of solvent is
flexible and can be tuned to suit a particu-
lar solute and/or substrate. Typically, the
solvent has a low vapour pressure, is non-
conductive (electrochemically inert) and
shows a lower affinity for the substrate than
the solute. As a result, the liquid/solid in-
terface approach in combination with STM
imaging is becoming increasingly popular
to induce and investigate self-assembly on
surfaces.[7-9]

Additional control of the monolayer
formation can be achieved under potential
control in aqueous solutions. Under elec-
trochemical conditions, adsorbate—sub-
strate interactions can be modulated by the
surface charge density. Electrochemical
environments offer therefore additional
possibilities to control surface dynamics
and monolayer structure via the surface
charge and to image those structures by
means of electrochemical scanning tun-
neling microscopy: EC-STM.[10-12]

For self-assembly at the liquid/solid
interface, the liquid phase acts as a reser-
voir of dissolved species which can diffuse

towards the substrate, adsorb, diffuse later-
ally and desorb. This spontaneous dynam-
ics is arguably one of the main advantages
of self-assembly at the liquid/solid inter-
face. Of great importance is the fact that
these dynamic processes favour the repair
of defects. Moreover, large domains grow
at the expense of small domains via a pro-
cess called Ostwald ripening. The choice
of solvent affects the mobility of mol-
ecules, especially, the adsorption—desorp-
tion dynamics via the solvation energy and
possibly also via solvent viscosity. Going
beyond self-assembly, a number of recent
reports stress the importance of ‘revers-
ibility’ to obtain high-quality 2D surface-
supported covalent organic frameworks,
combining molecular self-assembly and
organic chemistry, on substrates such as
graphite or iodide-covered Au(111).113.14]

Several exciting dynamic phenom-
ena were discovered and discussed such
as translational,l'5-22! rotational,[23-251 and
conformational dynamics?¢-31 or a com-
bination thereof, of single molecules or
clusters on atomically flat metallic sur-
faces. Sometimes, these dynamics were
intentionally provoked by the interaction
with the STM-tip.[32-42]

Compared to molecular systems ad-
sorbed under UHV conditions, an extra
hurdle in probing dynamics in physisorbed
self-assembled monolayers at a liquid/sol-
id interface is the fact that molecules are
part of a monolayer and often packed in
a 2D-lattice. The observation of molecular
dynamics at the single molecule level us-
ing STM at liquid/solid interfaces imposes
a number of challenges. This is because,
under physisorption conditions, at room
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temperature, most low-molecular weight
molecules are too mobile to be visualised,
except if they are trapped in a 2D (crys-
talline) matrix. Thus, any vertical motion,
e.g. the desorption of a molecule from the
monolayer into the liquid phase and the
adsorption of a molecule from the liquid
phase into the monolayer at the same site,
occurs very fast and goes normally un-
noticed. Likewise, typically no spontane-
ous conformational changes at the single
molecule level are observed in the ‘bulk’
of such molecular monolayers. Studies
on spontaneous dynamics at the liquid/
solid interface mainly deal with Ostwald
ripening,[43-431 j e, the growth of larger do-
mains at the expense of smaller ones or the
conversion of one polymorph (phase) into
another polymorph (phase).[*6471 These
spontaneous processes involve (collective)
changes in molecular orientation (transla-
tion/rotation) and possibly also conforma-
tion though the latter events have rarely
been probed at the single molecule level.
In this contribution, we review our ef-
forts to observe or induce dynamics at the
liquid/solid interface using STM not only
as visualisation technique but also as an
active probe.

For the non-specialist readers, it is im-
portant to realise that STM images are not
just ‘photographs’. Dynamics in a photo-
graph often show up as blurred features.
The larger the shutter time, the greater the
chance of getting blurred images if the
object or camera are not fixed. Not so for
STM imaging. Considerable dynamics can
take place, fast or slow, while still leading
to very sharp and high-quality images.
This can be understood as follows: in STM
imaging, the metallic tip is scanned across
the surface and depending on the size of
the area and the scanning speed, it might
take less than a second or several minutes
to scan a surface, several seconds to tens
of seconds being typical values. The mo-
lecular dynamics can be that fast, for in-
stance hopping of molecules between two
sites or conformational dynamics, that the
obtained STM image is a superposition of
several discrete situations: in the STM im-
age, both sites seem to be occupied, or the
molecules have a ‘strange’ appearance, the
latter being the result of the non-resolved
conformational  dynamics. Basically,
such effects arise if the scanning speed is
much slower than the dynamics involved.
Another potential effect of the slow scan-
ning speed compared to the dynamic phe-
nomena is the appearance of abrupt struc-
tural changes during the scan. For instance
the structural features in that part of the
image which is scanned first, might seem
disconnected from the part scanned later,
because of desorption of the monolayer or
a structural reorganisation.

Structural Reorganisation in
Monolayers and the Role of Solvent

A firm proof for adsorption dynamics
and its impact on the monolayer structures
is demonstrated by the following example.
Upon dissolving 5-alkoxy-isophthalic acid
derivatives in for instance 1-octanol and
applying a droplet of this solution on top
of the basal plane of highly oriented py-
rolytic graphite (HOPG), a regular mono-
layer structure is observed. The 5-alkoxy-
isophthalic acid molecules organise in la-
mellae: along the long lamella axis, the ori-
entation of the molecules alternates, lead-
ing to a pattern stabilised by alkyl chain
interdigitation (lower right of Fig. 1A).[481
Adjacent lamellae are stabilised by hy-
drogen bonding interactions between the
isophthalic acid groups. However, in some
areas, the lamellae of 5-alkoxy-isophthalic
acid are separated by what seems to be a
row of solvent molecules, i.e. 1-octanol. It
turned out to be possible to visualise the
co-deposition process of 1-octanol mole-
cules (Fig. lA—C).[*1 This image sequence
shows insertion of 1-octanol molecules
between two isophthalic acid lamellae. A
domain boundary at the lower left corner
of these STM images is used as a refer-
ence point. The arrows indicate the loca-
tion in the monolayer where insertion of
the 1-octanol molecules starts. As shown
in the time-lapse STM images, the inser-
tion process is completed within two min-
utes and involves the adsorption of ~48
molecules of 1-octanol. Not surprisingly,
this process is initiated at a domain bound-
ary, typically a region with lower stability
and enhanced dynamics. Co-deposition
involves the exchange of molecules with
the supernatant solution and reorientation
(translation) of large monolayer parts in a
cooperative fashion.

Adsorption-Desorption Dynamics

In addition to the dynamics involving
detailed structural reorganisation at do-

main boundaries as described above, more
subtle adsorption/desorption dynamics
can take place, for instance in the bulk of
a monolayer. In monocomponent systems,
it is normally not possible to visualise the
dynamics, except if the free site of a des-
orbed molecule is not immediately taken
by one of the identical solute molecules
in the supernatant solution. One way to
observe these dynamics is by mixing
structurally related molecules which dif-
fer from each other in their appearance in
the STM images. For instance, in order to
distinguish between alkylated isophthalic
acid derivatives, we introduced semi-fluor-
inated isophthalic acid derivatives, which
can act as markers.5% Individual semi-
fluorinated molecules are co-adsorbed
in host lamellae formed by the alkylated
isophthalic acid derivatives. The perfluori-
nated part of the alkyl chain can be clearly
distinguished as a black band, due to the
decreased tunneling current. For mixed
solutions of semi-fluorinated and non-
fluorinated isophthalic acid derivatives, it
was observed that whether or not segrega-
tion takes place depends upon the differ-
ence in length between the semi-fluori-
nated and non-fluorinated molecules.!30]
If the chain length differs only by one
methylene group, mixed monolayers are
formed (e.g. H11F6 and H16FO, Fig. 2B).
Predominantly the non-fluorinated mol-
ecules are adsorbed with some individual
semi-fluorinated molecules co-deposited
within the lamellae. Individual semi-fluor-
inated molecules are dispersed in a ma-
trix formed by the non-fluorinated ones.
Scanning at two frames per second, it was
observed that semi-fluorinated molecules
desorb and are replaced by non-fluorinated
ones (H6F12 and H18F0, Fig. 2C-E).[*9
The residence time of a single fluorinat-
ed molecule is of the order of seconds to
several minutes, much longer than the es-
timated residence time reported for mix-
tures of saturated/unsaturated acids and
alcohol/thiol mixtures by Stevens et al.[51]
When neglecting solvent effects, this can
partially be accounted for by the stabilising

Fig. 1. Co-deposition dynamics of 1-octanol in a 5-icosyloxy-isophthalic acid monolayer. A se-
quence of STM images obtained by scanning the same area of the monolayer. White arrows
indicate the location where the insertion of 1-octanol molecules between two adjacent lamellae is
initiated. The wider lamellae are formed by isophthalic acid molecules whereas the narrower ones

are built up by coadsorption of solvent molecules.
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Fig. 2. A) Molecular model of 5-alkoxy-isophthalic acid and the semi-
fluorinated analogue. B) Miscibility of H11F6 (x = 11, y = 6) and H16FO0
(x = 16, y = 0) molecules. The green arrows indicate H11F6 molecules.
(C, D, E) Snapshots of the desorption of H6F12 (x = 6, y = 12) molecules
in H18FO0 (x = 18, y = 0) lamellae. The H6F12 molecules are indicated

by arrows. The circle in D indicates a molecule with an apparent smaller
fluorinated part. This is caused by desorption of a H6F11 molecule while
the tip was scanning over the molecule.

Fig. 3. A) Chemical structure of the six-legged oligo(p-phenylene
vinylene)-substituted hexaarylbenzene 1. B) Large-scale STM image of
monolayer of 1 physisorbed at the 1-phenyloctane/HOPG interface. In-
set: Model reflecting the ordering of the molecules in a 2D crystal. Two
alkyl chains per OPV leg are adsorbed. The third one, which is omitted in
the model, is most likely solvated. The intersection of the two coloured
disks coincides with the area of interaction between these two adjacent
hexapods. A unit cell is indicated in red. C) Zoom showing the expected

effect of isophthalic acid hydrogen bond-
ing. As anticipated, the stronger the mol-
ecule—molecule and molecule—substrate
interactions, in combination with unfa-
vourable solvation conditions (the choice
of solvent!) the slower the dynamics. One
should take this point into account in order
to select a proper solvent.

Conformational Dynamics

Imaging conformational dynamics is a
challenge that goes beyond the mere obser-
vation of adsorption—desorption dynamics.
One of the reasons is that in low-molecular
weight molecules adsorbed at the liquid/
solid interface and confined in a 2D lat-
tice, the dynamics are probably rather fast,
much faster than what can be recorded by
STM. In order to slow down the dynam-
ics, it appeared to us that it is necessary to
come up with a large molecule. Moreover,
in order to witness the dynamics, we real-
ised that the ‘moving’ parts of the molecule
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star-shape of the molecules. D) In addition to the 6-legged molecules,
molecules are visible with apparently only five (red arrow) or even four

legs (green arrow).

should be recognised in a straightforward
fashion by the STM technique.

Therefore, we designed a six-legged
oligo(p-phenylenevinylene) (OPV) sub-
stituted hexa-arylbenzene (1, Fig. 3A) that
acts as molecular ‘hexapod’ in a self-as-
sembled monolayer at the 1-phenyloctane/
HOPG interface.5?-34

Structurally defect-free 2D crystalline
domains covering large areas are not ob-
served though often ‘disordered’ domains
are observed in the midst of or between
these small crystalline domains. We iden-
tify a group of molecules as belonging to
a disordered domain if the centres of the
molecules are not on top of 2D crystalline
lattice points within a given area or if the
molecules have a different orientation than
those in the crystalline matrix. In total, the
appearance of more than 20,000 molecules
was evaluated by a human observer. About
2/3 of these molecules self-assemble into

- -

f_ i .

All Al2 Al3

aregularly ordered matrix whereas the rest
are adsorbed in what we define as disor-
dered domains.

Some of these molecules appear to
have only five or four legs as illustrated
in Fig. 3D. Strikingly, the situation in the
so-called ordered and disordered domains
is completely different. In ordered areas,
most of the molecules appear as hexapods
(96.0%). 3.3% of the molecules appear
with five legs and only 0.7% with four legs.
In contrast, this ratio differs drastically in
disordered domains. Only 23% appear as
hexapods, while the majority of the mole-
cules (57%) appear with five legs and 20%
of the molecules in disordered domains
show four legs.

Certain molecules show some interest-
ing changes in appearance. Quite often, the
number of ‘legs’ changes: legs disappear
and reappear. Fig. 4 shows a series of im-
ages zooming in on the different appear-

s

Al4 Al5S Al6

Fig. 4. Sequence of STM images zooming in on one molecule of 1. The time difference between two consecutive frames (e.g. An—A(n+1)) is about

14 seconds.
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Fig. 5. Sequence of STM images zooming in on one molecule of 1 highlighting different dynamics.
A) The molecule appears to rotate. At the position of the red arrow, a leg appears while at the
position of the green arrow, a leg disappears. B) Re-adsorption of a leg, affecting the orientation
of the leg originally at 1 o’clock. C) The legs indicated by the red arrows slightly change their ori-
entation from frame to frame, though the overall orientation of the molecule remains unchanged.
The frame numbers are indicated below each image.

ances of one molecule as a function of time.
In frame A3, the molecule only shows five
legs: the leg at 4 o’clock is missing, while
in frame A4 all legs are visible. The im-
age in frame A13 is blurred, and marks the
transition from six visible legs (frame A12)
to five visible legs (frame A14). In frame
A15, all six legs appear again.

Not only does the number of visible
legs change, also their orientation changes
in time. Basically, two types of orienta-
tional changes can be observed. A first type
involves a transition where the desorption—
adsorption of legs results in an apparent ro-
tation of the molecules. For instance, in Fig.
5A, at the position of the red arrow, a leg
appears while at the position of the green ar-
row, a leg disappears. Overall, the molecule
appears to be rotated. This rotation hypoth-
esis is unlikely as it involves the desorption
and adsorption of all legs. Note that the po-
sition of the other legs has not changed.

In addition, these molecules are not
rigid as far as the position of the legs is
concerned. The molecule in Fig. 5B under-
goes a transition from five adsorbed legs to
six adsorbed legs. Note, however, that the
‘re-adsorption’ of the sixth leg follows the
reorientation of the leg indicated in green:
originally at 1 o’clock, it appears subse-
quently at the 12 o’clock position. Also
more subtle orientational changes can be
observed (Fig. 5C). The legs indicated by
the red arrows slightly change their ori-
entation from frame to frame, though the
overall orientation of the molecule remains
unchanged. The effect is that the angle be-
tween the legs is not always 60° but can
change considerably.

The disappearance and reappearance of
the bright legs is the result of desorption/
re-adsorption or reorientation of legs. In
addition, the larger than statistically pre-
dicted number of dimer defects in the 2D
crystalline lattice indicates that molecules
mutually interact and that desorption of a
leg in a hexapod promotes the desorption
of a leg in a hexapod next to it.

Translational Dynamics

In the conformational dynamics dis-
cussed above, the position of the centre
of mass of the molecules was not found to
change. However, in addition to the con-
formational dynamics, translational mo-
tion was also observed, as highlighted in
the three frames presented in Fig. 6. In this

sequence of images, there is translational
motion on the surface in areas which are
characterised by non-ideal ordering of the
molecules, in other words in areas with free
space. For the molecules that are indicated
by the coloured rings, the centre of mass
position changes. Those molecules which
undergo translational changes, simultane-
ously also undergo orientational changes
of their legs.

Dynamic Processes: Are they
Random or Collective?

In the previous paragraphs, we have
described different dynamics (desorp-
tion—adsorption of legs), orientational/
conformational flexibility, and translation
at the level of individual molecules. This
description did not take into account the
relation between the motion of individual
molecules and the (lack of) dynamics of
its surroundings. Desorption—readsorption
phenomena of individual legs occur both
in a non-correlated and correlated (i.e.
adjacent molecules show simultaneous
dynamics) fashion. A reorientation of the
legs (e.g. a five-star that ‘rotates’) always
goes together with the desorption or reori-
entation of legs of adjacent molecules. Not
surprisingly, quite some conformational
dynamics occur in the area of the transla-
tionally mobile molecules. The conclusion
to draw is that the conformational or trans-
lational motion of a given molecule will
favour simultaneous dynamics of adjacent
molecules.

Inducing Dynamics at the Liquid/
Solid Interface

It is well-known that dynamics can be
induced at the liquid/solid interface. Light-
responsive molecules such as azobenzenes
can undergo a trans-cis isomerisation at
the liquid/solid interface upon irradia-
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Fig. 6. Sequence of STM images zooming in on conformational and translational events in the
monolayer of 1 at the liquid/solid interface. The time gap between the frames is 26 and 68 se-
conds, respectively. Coloured disks and circles indicate the centre and periphery of a number of
selected molecules, respectively.
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tion, leading to a structural change in the
monolayer or desorption.[*8! Alternatively,
upon adding certain reagents to the liquid/
solid interface, reactions can be induced,
which was elegantly demonstrated by
Samori et al.1551 In all these cases, it is hard
to establish unequivocally where the reac-
tion really takes place: on the surface itself,
or in the liquid phase. While this might be
a matter of academic interest, such experi-
ments show that it is possible to influence
the surface composition at the liquid/solid
interface. Recently, it was shown that us-
ing the concept of reactivity at the liquid/
solid interface, it is possible to form 2D
porous polymers, also called covalent or-
ganic frameworks.[13-141 The beauty of this
approach is that the reactions involved are
reversible, leading to highly regular net-
works. This might turn out to be an advan-
tage compared to reactions that require a
strict pre-organisation of the reagents at
the liquid/solid interface, such as for the
polymerisation of diacetylenes.[5% On the
other hand, some of these reactions can be
initiated by the STM tip. Aono et al., and
later our group, demonstrated that one can
use the STM tip as a local electrode to in-
duce the polymerisation of pre-organised
diacetylenes.[57-38]

We recently investigated a system
where applying momentary voltage pulses
to the STM tip induced a major structural
rearrangement in the monolayer.!%! In this
case, the STM tip does not induce a chemi-
cal reaction but can reversibly switch the
monolayer into different phases. Indeed,
experiments carried out at different tun-
neling conditions indicate that the supra-
molecular network formed by PQPCIO,
molecules (Fig. 7A) at the 1-octanoic acid/
HOPG interface is extremely sensitive to
electric parameters and could be manipu-
lated by varying the substrate bias as well
as by applying momentary voltage pulses
to the STM tip. Thus, at a given set of tun-
neling parameters, either o or § phase could
be observed although there is more prefer-
ence for the denser and disordered 3 phase.
In fact, the B phase survives on the surface
for longer times as long as no electric ma-
nipulation is carried out. Essentially, a sig-
nificant change in the substrate bias (=300
mV) triggers the phase change. The same
transformation can also be effected by ap-
plying 3.5V (10 pus) pulses to the STM tip
(Fig. 7B). The switching success rate per
tip voltage pulse depends on the detailed
configuration of the STM tip apex and it
is rarely 100%. Apart from the two phases
mentioned above, a third phase (y phase)
also exists which dynamically transforms
into the P phase as a function of time and
appears to be driven by an entropic gain
(Fig. 7D). The course of yto  phase trans-
formation could be followed on the surface
by recording time-dependent STM images.

Fig. 7. A) Molecular
structure of PQP-
ClO,. B) A schematic
illustration of electric
field induced rever-
sible transition in the
monolayer of PQP-
ClO,. C) and D) STM
images showing the
coexistence of the O
and 3 (B) as well as
B and 7 (C) networks
of PQPCIO,. Dashed
blue lines represent
the domain bounda-
ries.

Such time-dependent transformation of y
phase to the 3 phase is indicative of sub-
stantial surface dynamics in this charged
monolayer.

In conclusion, by describing key ex-
amples from our research we have dem-
onstrated that one can induce and visualise
various kinds of dynamic processes at the
liquid/solid interface namely conforma-
tional, adsorption—desorption, and transla-
tional dynamics with molecular precision.
Furthermore, we also illustrated that it is
possible to induce dynamics at the liquid/
solid interface by carrying out electric field
manipulation. It would be interesting to see
how some of these dynamic processes are
influenced by changing the solvent or tem-
perature. This will further develop our un-
derstanding of the dynamics of molecules
in self-assembled monolayers, bringing
insight into solvation at the liquid/solid
interface.
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