7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Investigation of the temperature effect on the
formation of a two-dimensional self-assembled
network at the liquid/solid interfacet
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In this work, we investigate the temperature effect on the formation of self-assembled molecular networks
(SAMNSs) at the liquid/solid interface, focusing on an alkylated achiral glycine derivative at the 1-phenyl-
octane/HOPG interface. Using STM with an in situ heating stage, we comprehensively examine the con-
centration-temperature phase space for 2D network formation. This study allows us to determine the
enthalpic and entropic contributions to the Gibbs free energy (AG) of monolayer formation, revealing that
the process is enthalpically driven. Moreover, we further develop our previously established Ising code by
incorporating temperature dependence, which provides valuable insights into the interplay of enthalpic
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and entropic factors. Our findings, supported by both experimental and theoretical analyses, demonstrate
a strong agreement in thermodynamic parameters, validating our model as a proof of concept for studying
temperature effects in SAMN formation. This research underscores the importance of understanding
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Introduction

Utilizing self-assembled molecular networks (SAMNs) formed
at the liquid-solid interface for bottom-up fabrication of nano-
materials or functional devices is a hot topic. SAMNSs are net-
works of molecules, often at the monolayer level and crystal-
line, that are spontaneously formed, typically on surfaces that
are flat at the atomic level. The current state-of-the-art explores
various possibilities by studying diverse systems, including
metal-organic frameworks (MOFs)'™ with a range of mole-
cular symmetries and non-covalent interactions, as well as
stimuli-responsive systems with varying degrees of responsive-
ness and structural complexity.>~” However, while the develop-
ment of novel nanomaterials remains important, the funda-
mental understanding of the driving forces for supramolecular
self-assembly on surfaces, which lies at the heart of those
methodologies, is critical to reaching technological relevance.
To assess the forces driving the supramolecular self-assem-
bly, one needs to consider all the enthalpic and entropic con-
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enthalpic and entropic contributions for the successful utilization of 2D molecular self-assembly.

tributions to the Gibbs free energy difference between the final
state, the adsorbed molecules forming an ordered network on
the surface, and the initial state, molecules dissolved in solu-
tion. At the liquid-solid interface, this is a nontrivial issue as
different experimental variables play a role in the observed
molecular behaviour, including solution concentration, type of
substrate, choice of solvent and temperature.®*'° It is impor-
tant to note that not all SAMN structures represent thermo-
dynamic minima, and kinetic factors can also have a signifi-
cant impact on self-assembly. Therefore, to understand the
forces driving the assembly, it is crucial to consider both the
kinetics and the thermodynamics of the system.

Lately, the influence of solution concentration on the for-
mation of self-assembled molecular networks (SAMNSs) has
attracted some research attention.” ™ As the solution concen-
tration determines the chemical potential of the system, a slight
variation in its value can cause drastic changes to the on-surface
assembly, as observed from the change in the average value of
surface coverage. Other literature reports demonstrate that in more
complex systems, solution concentration causes the emergence of
different phases, and its control is necessary for the appropriate
polymorph selection."*™” As a result, in the mentioned works,
studying the effect of concentration allows for a thermodynamic
assessment in terms of Gibbs free energy. However, to investigate
the separate contributions to the free energy of SAMN formation,
a temperature-dependent study is needed.

This journal is © The Royal Society of Chemistry 2024
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The detailed thermodynamic assessment of the self-assem-
bly system on surfaces is experimentally possible in several
ways. An ideal approach includes a direct measurement of heat
exchanged upon molecular adsorption and assembly, such as
by utilizing calorimetry techniques.'®'® Alternatively, a Born-
Haber cycle was established that allows for indirect quantifi-
cation of thermodynamic parameters by assessing both the
enthalpic and entropic contributions.’®>' The Born-Haber
cycle includes independent determinations of the sublimation,
solubility and desorption enthalpies for a single choice of a
system consisting of the assembling solute, substrate and
solvent. While offering the understanding of the subtle balance
between different system components, this method was applied
only to several systems and has not been widely used due to the
complexity and variety of the measurements required.

Some of the first direct measurements of thermodynamic
properties from temperature-dependent STM measurements
focused on the assessment of structural phase transition pro-
cesses at the liquid/solid interface, such as the work done by
Bellec et al,'* Gutzler et al°*? and Blunt et al.'® But, in
general, temperature-dependent STM measurements at a
solid-liquid interface are quite rare because of the difficulty in
controlling experimental parameters, including solvent evapor-
ation, stability of STM during prolonged temperature exposure
or systems being kinetically controlled.®**?* To better control
the experimental conditions, a novel immersion type of STM
(I-STM) was designed to be suitable for long-term experiments
at elevated temperatures, characterized by the elimination of
solvent evaporation due to an airtight enclosure with a low
drift and high resolution.** Utilizing this machine, the authors
studied the solvent-induced polymorphism of trimesic acid
(TMA) monolayers on graphite using a series of fatty acids as
solvents, quantified the ultra-slow desorption kinetics of 2,6-
naphthalene dicarboxylic acid (NDA) monolayers at nonanoic
acid-graphite interfaces and analysed the thermodynamics of
molecule-substrate interactions by comparing the HOPG to
the newly developed substrate, passivated Au(111) with a che-
misorbed monolayer of iodine atoms.**” Recently, an experi-
mental approach was developed by Gurdumov et al. that uti-
lizes a flow cell connected to a mechanical pump to allow a
flux of the solution through the cell.>®**° In this way, the mole-
cules are continuously replenished so the solution concen-
tration remains constant, and does not change due to adsorp-
tion and depletion of molecules. This setup was used to
examine and quantify the nucleation and growth kinetics of
different polymorph formation for Co(u) Octaethylporphyrin
(CoOEP) in varying solvents, additionally offering a compari-
son between two substrates, Au(111) and HOPG.**?°

An alternative method for understanding the thermo-
dynamics of SAMN formation is molecular thermal desorption
analysis (MTDA), a method that has been developed using
atomic force microscopy to quantify the disassembly enthalpy
of the on-surface monolayers by following surface coverage as
a function of (annealing) temperature.*® Using MTDA, the dis-
assembly enthalpy change was elaborated using trimesic acid
(TMA) and benzene-1,3,5-tricarboxaldehyde, showing that the

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

difference in molecule-molecule interactions in their respect-
ive assemblies could be directly quantified from the disassem-
bly enthalpy.

Current research predominantly centres on designing
specialized instrumentation with a focus on regulating various
variables for studying the SAMNs. While these sophisticated
setups enable meticulous and controlled examinations of the
thermodynamics of SAMN formation, they remain infrequent
due to their complexity. However, a quick literature search
shows that many published works in this field call for a
thermodynamic assessment, as these studies are crucial for
gaining profound insights into the systems under investi-
gation. Given the significance of these investigations, there is
a need for a framework that evaluates the thermodynamics of
SAMN formation without solely relying on specialized equip-
ment. Instead, a relatively straightforward experimental setup
could prove invaluable in bridging the gap and making such
studies more accessible and widespread. Here, we propose a
simpler and less experimentally challenging way of determin-
ing the net enthalpic and entropic contributions to the Gibbs
free energy of SAMN formation through temperature-depen-
dent STM measurements. Compared to the Born-Haber cycle
or I-STM, this method offers less resolution regarding
different contributions to AG. However, it offers a more acces-
sible alternative that can provide a solid foundational under-
standing of self-assembled monolayer formation thermo-
dynamics. When combined with theoretical analysis, this
approach can be especially effective, providing a broader per-
spective on the results and deeper insights into the underlying
mechanisms. This proposed method not only helps bridge the
gap between complex setups and simpler experimental tech-
niques but also lays the groundwork for further thermo-
dynamic studies in the field.

Therefore, we report a reversible desorption case study of a
single component molecular system consisting of an achiral
glycine derivative (FGC18, Fig. 1, (9H-fluoren-9-yl)methyl
(2-(octadecylamino)-2-oxoethyl)carbamate®!), physisorbed at
the liquid/solid interface between 1-phenyloctane (1-PO) and
highly oriented pyrolytic graphite (HOPG). STM, equipped
with an in situ heating stage, was used to collect images at a
liquid/solid interface which were used for a comprehensive
investigation of the concentration-temperature phase space for
the formation of a 2D self-assembled network. STM results
were analysed using a relatively straightforward thermo-
dynamic model in order to determine net enthalpic and entro-
pic contributions to the Gibbs free energy associated with the
SAMN formation. To gain a comprehensive understanding of

FGC18

Fig. 1 Molecular structure of the studied molecule.
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these contributions in terms of molecule-molecule and mole-
cule-surface interactions, we aimed to develop a statistical
thermodynamic model. This approach was crucial for inter-
preting the underlying interactions and included reproducing
the desorption behaviour using a temperature-dependent Ising
model. This model allowed us to evaluate molecular behaviour
in terms of contributions from molecular adsorption and
intermolecular interactions. The comparison between experi-
mental results and theoretical predictions showed reasonable
agreement in both thermodynamic parameters, enabling a
meaningful interpretation of the experimental results in the
context of intermolecular interactions.

A simple model system was used to serve as a proof of
concept, showcasing principles and methodologies for studying
the temperature effect in the SAMN formation that can be gen-
erally applied to a broad range of molecular systems. These
future investigations are important for the successful utiliz-
ation of 2D molecular self-assembly as they emphasize the
relationship between the enthalpic and entropic contributions
to the AG.

Results and discussion
Choice of the system

The experimental STM setup used for the measurements pre-
sented here consists of an in situ temperature control stage. In
those STM experiments, the HOPG sample is mounted with a
solution cell onto the stage, which consists of a copper base
plate with an inbuilt resistive heating element and thermo-

Fig. 2

View Article Online

Nanoscale

couple, and the temperature of the heating stage is controlled
via a feedback loop using a separate temperature controller.
Choosing a suitable molecular model system is crucial for a
straightforward thermodynamic assessment.

In this work, we chose an achiral glycine derivative at the
1-phenyloctane/HOPG interface as a suitable model system,
given its ability to form stable supramolecular networks across
a range of concentrations and temperatures.*' This makes it
ideal for a variety of STM experiments, allowing for extensive
self-assembly studies under varying conditions. Additionally,
the use of 1-phenyloctane offers practical advantages aligned
with the technical requirements of our experimental setup,
particularly at elevated temperatures. For further information,
please refer to the ESL.{

Self-assembly of FGC18 at 1-PO/HOPG interface

Self-assembly of FGC18 has previously been studied using
STM at the liquid/solid interface,®" and a representation of the
SAMN network formed at the 1-PO/HOPG interface is shown in
Fig. 2 and reflects a near-rectangular arrangement. In the
molecular structure of FGC18, a long (octadecyl) alkyl chain
was introduced as an amide at the C-terminus of glycine. From
the high-resolution STM images (Fig. 2), it can be observed
that on HOPG, the long alkyl chains (dark, striped features) of
FGC18 adsorb in an extended geometry and interact with other
chains through van der Waals interactions by close packing.
The N-terminus of FGC18 that bears a fluorenyl-methyloxy-
carbonyl (Fmoc) group stabilizes the self-assembled structure
by partaking in n-= interactions through “head”-“head” inter-
actions. The central glycine part of the molecule contains

™

1

(a—f) High-resolution STM images of molecular self-assembly for FGC18 at the 1-phenyloctane/HOPG interface and room temperature

(22-23 °C). Imaging parameters: Vyias = —0.800 V, /5o = 80—-100 pA. (g and h) Tentative molecular models for type 1 (h) and type 2 (g) packing based

on the STM data.
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several hydrogen bonding moieties that can additionally stabil-
ize the assembly. However, the details of those interactions are
difficult to resolve purely from STM images due to a lack of
sub-molecular resolution as the heads of the molecules in the
STM images appear as bright features (Fig. 2a and b).

On a larger scale (Fig. 2e and f), the self-assembly of FGC18
exists in two different packing types. In both, the
FGC18 molecules self-assemble into columnar structures, with
the assembly being stabilized by the close-packing of the alkyl
chains and interactions of Fmoc-protected headgroups. In this
way, the columns can grow quite large, reaching length scales
even up to 300 nm. The interaction of the columns is what
differentiates the two types of packing. The more commonly
observed is the formation of double rows where two columns
interact in a “tail”-“tail” orientation so that the alkyl chain of
the two columns interact (type 1, Fig. 2a and c). The second
type of packing corresponds to a “head” to “tail” orientation of
the columns, where the alkyl chains of one column interact
with the Fmoc-protected headgroups of another column (type
2, Fig. 2c and d). Tentative molecular models based on STM
data for both packing types are provided in Fig. 2g and h.

The occurrence of both types of packing persists at all the
concentrations and temperatures studied in this work. The
ratio of single to double rows in the self-assembly of FGC18
remains nearly constant across a range of concentrations (ESI,
Fig. S2t), with a slight decrease at higher concentrations, indi-
cating no strong preference for either packing motif. At elev-
ated temperatures, single rows desorb more rapidly than
double rows, likely due to their smaller surface area and
greater number of domain boundaries (ESI, Fig. S3t). After
cooling from a temperature where full desorption occurred,
the double-row formation increased slightly, but the total
surface coverage showed minimal differences, suggesting these
variations are within the margin of error due to the local
nature of STM measurements (vide infra, no hysteresis
observed).?> Furthermore, analysis of the time evolution of
total surface coverage at high concentrations (Fig. S6 in the
ESL7 ¢ = 4.0 x 107* mol dm™?) showed no significant changes
during STM imaging, indicating a lack of kinetic processes.
Overall, these findings support the appropriateness of the
thermodynamic assessment, with surface coverage values used
for the analysis referring to total surface coverage.

Concentration dependence

To be able to study the temperature dependence of the self-
assembly of FGC18, the effect of FGC18 solution concentration
on the adsorption behaviour, focusing on the surface coverage,
was first evaluated using scanning tunnelling microscopy. Fig. S1
(see ESIt) shows a set of representative STM images for a concen-
tration-dependent series where, for each measurement, an
FGC18 solution (50 pL) was deposited at 22 °C (295 K), and the
concentration varied in the range from 1.00 x 10~ mol dm™ to
4.00 x 10~* mol dm™. As expected, a decrease in solution con-
centration leads to a decrease in overall surface coverage.
Analysis of STM images yielded a coverage vs. concentration
plot, as seen in Fig. 3, and shows a sigmoidal trend which is

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Concentration dependence of the surface coverage of FGC18
studied at the 1-phenyloctane/HOPG interface and room temperature
(22—-23 °C). m experimental data points, —the curves of best fit by the
Langmuir adsorption model (blue) and cooperative Hill model (red).
Error bars represent standard error of the mean (SEM).

characteristic of processes with positive cooperativity.** Defining
the critical concentration for the formation of SAMNs on sur-
faces as the concentration at which the surface coverage is 0.5,
the rough estimate of the value of this threshold for FGC18, as
determined by a numerical derivation of the experimental
dataset, amounts to ¢, = 5.7 X 107> mol dm™>."" As previously
established,'"'* the dataset of the concentration dependence of
the surface coverage of FGC18 was analysed by nonlinear
regression using analytical thermodynamic models, including
the Langmuir and the Hill model. The main difference between
the two adsorption isotherms is the introduction of a molecule-
molecule interaction term, a cooperativity factor n (Hill con-
stant), in the Hill model in contrast to the Langmuir model,
which assumes noninteracting molecules.***” Curves of the
best fit for both models are presented as lines in Fig. 3 while the
parameters of the Hill fit, including the value of equilibrium
constant K representing solution concentration that produces
half saturation and the Hill constant, are presented in Table 1.
Based on the value of the equilibrium constant K, the Gibbs free
energy for the SAMN formation was calculated at 25 °C (298 K)
and is presented in Table 1. As expected, the formation of the
monolayer for the case of FGC18 is a cooperative and exergonic
process, much better described using the Hill model.

Regarding the precision of the calculated adsorption para-
meters, instead of using the standard error of the mean in
surface coverage as an error estimate, which can be challen-
ging to assess, we performed a numerical error analysis (see
ESIt). Table 1 demonstrates that the value of K and, conse-

Table 1 Adsorption parameters as determined by the Hill adsorption
isotherm for the SAMN formation of FGC18 at the 1-phenyloctane/
HOPG interface at room temperature. The error (SD) in the adsorption
parameters was simulated by numerical error simulation (see ESI).

Molecule K (moldm™)+SD 1n+SD AsamG® (k] mol™) + SD

FGC18 (6.5 +0.3) x 107° 2.46 £0.01 —23.87 £0.02
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quently, the Gibbs free energy exhibit low uncertainty. This
can be attributed to the relative ease and precision attained in
determining the concentration at half saturation.

Temperature dependence

The main aim of this work is to study the effect of temperature
change on SAMN formation. Therefore, three solution concen-
trations corresponding to a relatively high (or full) coverage at
room temperature were chosen for controlled and systematic
temperature-dependent measurements. Fig. 4 shows a set of
typical STM images for a temperature-dependent series
where an FGC18 solution (for ¢ = 4.0 x 10~* mol dm™?) was de-
posited at 22 °C (295 K), and the temperature was increased in
steps up to 55 °C (328 K) and then allowed to cool to 30 °C
(303 K).

At 22 °C (295 K), the structure of the networks and the
average surface coverage correspond to those observed in the
concentration-dependent studies. It can be observed that for
samples at higher concentrations and 22 °C, the on-surface
structure features smaller domains, a higher density of
packing defects and an increased number of domain bound-
aries (Fig. 4a compared to Fig. S4a and S5at). On heating to
35 °C (328 K) (Fig. 4c), the average coverage decreases, and the
average domain size has, on average, slightly increased for all
three concentrations studied. The domain size usually
observed at room temperature for FGC18 is around 50 to
100 nm, while upon heating to 35 °C, as observed from the

c=4.00 x1

22°C b)

S

Fig. 4
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STM images (see Fig. S7 in the ESI{), domains increase in size
up to 200 nm. The domain coarsening results from both the
changes in solution concentration and the temperature, and
as can be seen from the figures, it occurs to a different extent
for each of the concentrations studied. As discussed in several
works, the growth of the domains indicates that systems try to
minimize the number of energetically unfavourable domain
boundaries, also known as the 2D Ostwald ripening
process. >80

Continuing sequential heating to 45 °C (338 K) leads to a
further decrease in surface coverage. For the system at ¢ = 2.0 x
10" mol dm™ almost full desorption is observed, while for a
sample with ¢ = 1.2 x 10~* mol dm™ at this temperature, com-
plete desorption is observed (Fig. S5et). The average domain
size for the system with ¢ = 4.0 x 10™* mol dm™ at 45 °C
decreases and the on-surface assembly is observed as smaller,
molecular island-type domains (see Fig. S8t). Further heating
of the samples to 55 °C (348 K) leads to full desorption for all
the concentrations.

Once full desorption occurred, the samples were subjected
to a controlled cooling sequence to 30 °C in two steps. Firstly,
the two systems of higher concentration were equilibrated to
40 °C (313 K), which permitted molecular re-adsorption and
the reformation of the SAMNSs to a varying degree of surface
coverage. In this case, the assembly is no longer observed by
the formation of smaller domains, but rather through the for-
mation of larger, well-ordered domains (Fig. S9f) that can
expand over 200 nm-350 nm.

0* mol dm™
N\ \\‘

(a—f) Representative large-scale STM images for the self-assembly of the FGC18 at the 1-phenyloctane/HOPG interface at different tempera-

tures, as indicated in the panels, and ¢ = 4.00 x 10~* mol dm~>. Imaging parameters: Vyi.s = —0.800 V, Ic; = 80-100 pA. For the sake of clarity,

empty areas are highlighted in purple.

21920 | Nanoscale, 2024, 16, 21916-21927

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr02600d

Open Access Article. Published on 29 October 2024. Downloaded on 3/12/2026 4:50:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

Decreasing the temperature to 30 °C (303 K) led to a further
increase in surface coverage for all three concentrations. On
average, this was also followed by an additional increase in the
domain size (Fig. S10,7 >350 nm) maintaining fewer domain
boundaries. Still, interestingly the formation of a larger
number of smaller domains separated by domain boundaries
with a degree of packing defects was also observed (see
Fig. S10j-11).

As can be seen from the STM images presented in this
work, upon desorption and while imaging at elevated tempera-
tures, on occasion an unresolved structure appears to form on
the surface (for example Fig. S4,b-d, Fig. S7-S10%). The origin
of these features remains unclear at this point, but their obser-
vation seems to be dependent on the quality of the STM tip.
The formation of the features may be attributed to a contami-
nation in the system (originating either from solute or solvent)
as well as to dynamic and mobile molecules close to the
surface.

The analysis of STM images collected from the tempera-
ture-dependent measurements yielded coverage vs. tempera-
ture curves, as seen in Fig. 5, with each concentration rep-
resented by a different colour and each value of the coverage
represented as an average between all images collected for the
two samples measured. In the figure, a distinction is made
between data points collected upon in situ heating (molecular
desorption) and cooling (re-adsorption). The discrepancy in
the surface coverage of those data points is relatively low and
can be mainly attributed to experimental error due to the local
nature of STM measurements. There is no indication of a sig-
nificant hysteresis that could be attributed to any other
process apart from the desorption happening at the interface
upon the exposure of the studied system to a temperature
modulation.®"**? This is of high importance as it signifies the
appropriateness of the assumption that thermodynamic equili-
brium is maintained for the studied system.

~- 4.0 x 10 mol dm™ desorption

<@ 4.0 x 10* mol dm adsorption
1.00 ~- 2.0 x 10 mol dm™ desorption
~ @ 2.0 x 10 mol dm™ adsorption
—- 1.2 x 10 mol dm™ desorption
o 075{m @ 1.2 x 10* mol dm3 adsorption
(o))
©
[}
>
8 050
[0}
@
5
» 0.251
0.00 ||

205 300 305 310 315 320 325 330
temperature / K
Fig. 5 Temperature dependence of the surface coverage of
FGC18 molecules studied for different solution concentrations at 1-phe-
nyloctane/HOPG interface. B experimental data points upon in situ de-
sorption, @ experimental data points upon in situ adsorption. Error bars
represent standard error of the mean (SEM).
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There are several key features of the trends observed in
Fig. 5. Firstly, the average surface coverage decreases with an
increase in temperature significantly for all studied concen-
trations, confirming that the molecule-surface and inter-
molecular interactions stabilizing the SAMN of FGC18 are not
particularly strong. Even for the highest measured concen-
tration, increasing the temperature up to 55 °C already leads to
full monolayer desorption. Additionally, as seen from Fig. 5,
the desorption temperature depends on the solution concen-
tration, i.e. for higher solution concentrations, a higher temp-
erature is needed for this transition. It is important to note
that despite the assembly desorbing at relatively low tempera-
tures, the scanning and STM tip motion were not observed to
play a role in inducing adsorption/desorption dynamics.
Importantly, despite the data exhibiting a higher degree of
noise as compared to the concentration-dependent dataset,
the trends observed in temperature-dependent surface cover-
age, as presented in Fig. 5, are sigmoidal in nature, indicative
of the cooperative nature of SAMN formation.

The variation in reported surface coverages can be signifi-
cantly influenced by the substrate, particularly in the sub-
monolayer regime. HOPG was selected for all experiments due
to its suitability for STM studies of self-assembly, being an
extremely flat form of graphite. However, surface defects, such
as graphitic terraces, occasionally play a prominent role in
SAMN formation. We previously noted these defects’ impact,
as they sometimes create reduced surface areas, stabilizing
smaller SAMN domains.'"'?* Additionally, “empty” areas may
contain adsorbed molecules not detectable by STM due to
diffusion, so experimental coverage more accurately reflects
total molecular island coverage.

For a simple thermodynamic evaluation of the studied
systems, a transition temperature is defined as the temperature
at which the overall surface coverage equals a fractional cover-
age of 0.5. Conceptually following the models developed by
Bellec et al. and Blunt et al.,'*" the transition occurs at the
point corresponding to (co, Top), where the change in free
energy (AG) equals zero. This allows for the description of the
equilibrium according to eqn (1):

where AH, represents the net enthalpic contribution to the AG
and includes all the contributions to the enthalpy, including
molecule-substrate, molecule-molecule, molecule-solvent and
solvent-substrate interactions. The change in entropy AS can
be evaluated as a difference between net entropy gain account-
ing for the desorption of FGC18 molecules from the on-surface
assembly (AS,) and the simplified expression for the entropy
of mixing (xlnc,) associated with the release of
FGC18 molecules into the solution. The first term (AS,) also
accounts for any potential desorption of solvent molecules.
While the entropy of desorption into solution generally cannot
be easily separated into desorption and mixing terms, using
the simplified mixing entropy is valid here, given the low con-
centration regime (¢ < 107> mol dm™>) of the experiments.
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Altogether, this gives the following modified expression of the
van’t Hoff equation:

In¢cgg=———— (2)

From eqn (2), a plot of Inc¢, against 1/T,, where c, is the
solution concentration and 7, the transition temperature,
should produce a straight line.

The values for T, were graphically evaluated from the
FGC18 sequential temperature experiments at various concen-
trations (Fig. 5) as the temperature at which the coverage
equals the value of 0.5. For the highest concentration ¢ = 4.0 x
10™* mol dm™ the value of T, was evaluated to 41 °C (314 K),
for ¢ = 2.0 x 10™* mol dm™ to 35 °C (308 K) and for ¢ = 1.2 x
10™* mol dm™ to 28 °C (301 K). Error bars were determined as
+2 °C for the temperature values.

A plot of In ¢, against 1/T, for the measured data points is
presented in Fig. 6. The gradient and intercept of a linear
regression fit to these data, employing an errors-in-variables
model that accounts for the error in determining 7,, were
obtained and multiplied by the universal gas constant (R =
8.314 J K" mol™) to give net enthalpy and entropy contri-
butions to the Gibbs free energy of SAMN formation for
FGC18 monolayer at the 1-phenyloctane/HOPG interface; these
values are presented in Table 2.

According to eqn (2) and Fig. 6, the trend observed from
the van’t Hoff plot follows a straight line of a negative slope
showing that the SAMN network formation for FGC18 is an
exothermic process. As evaluated, the net enthalpic contri-
bution, AH,., amounts to —72 + 21 k] mol™*, while the overall
entropic contribution calculated at 25 °C, —TAS,,.c amounts to
48 + 20 kJ mol™. A comparison of those values demonstrates
that for FGC18 the entropic penalty does not exceed the
enthalpic gain upon network formation, therefore making it

-7.57 = _8688x + 19.79
R2 =0.9795
—eo—
& -8.04
£
©
[e
€ -85-
o
)
£
_9_0_
'95 T T T T T T T T T T T 1
310 3.15 320 325 330 3.35 340

103K/ T,

Fig. 6 Van't Hoff plot for the self-assembly of FGC18 molecules at
1-phenyloctane/HOPG interface. ® experimental data points, —linear fit.
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an enthalpically driven process. The overall Gibbs free energy
for the process at 25 °C is estimated to be AG = —23 + 29
kJ mol ™.

Although the STM data seem to give a good estimate of the
thermodynamic parameters as supported by the value of
coefficient of determination in the van’t Hoff plot, it should be
noted that these absolute values of the parameters should be
used as qualitative prediction only. The enthalpic contribution
is evaluated from a slope of the van’t Hoff plot as shown in
eqn (2) and so to obtain an accurate value of the enthalpic con-
tribution, a precise determination of T, is required. However,
due to the noise and quality of data presented in Fig. 5, the
experimental estimate for the enthalpic contribution does not
allow for a more precise estimation of error. Given this uncer-
tainty in the value of AH,. and the enthalpy-entropy compen-
sation (eqn (2)), the corresponding entropic contribution is
also fairly uncertain, falling within the range of —164 + 69
JK ' mol™.

In order to assess the accuracy of the method used in our
work as well as to provide context for the expected thermo-
dynamic parameter values, we conducted an extensive litera-
ture review and highlighted the most relevant
studies.'®>"283%41747 Gurdumov et al. conducted STM experi-
ments on self-assembled cobalt(u) octaethylporphrins poly-
morphs, estimating the Gibbs free energy of adsorption for the
near-rectangular polymorph at approximately —29.7 k]
mol.?® Similarly, a study on DNA fragment adsorption
reported Gibbs free energy values spanning from -13 to
-53 kJ mol™.*' Moreover, investigations into enthalpic and
entropic contributions to AG have revealed significant varia-
bility depending on the molecular system studied. For
instance, adsorption of n-dotriacontane (C3,Hge) on different
graphitic substrates yielded Gibbs free energy values from
—23.9 k] mol™ to —27.2 kJ mol™?, with associated enthalpies
ranging from —59 kJ mol™ to —71.6 k] mol™" and entropies
from —126 J K™* mol™ to —142 ] K~ mol™".** Further studies,
such as those focused on the desorption of a benzene-1,3,5-tri-
carboxaldehyde monolayer, estimated enthalpy values of
104 k] mol™" with an entropy of approximately 160 J K*
mol".*° Additionally, contributions to AG for monolayer for-
mation have been calculated using various approaches, show-
casing the importance of solvent effects in the formation of
SAMNs.*®%

Overall, these findings align well with our thermodynamic
approach, with the net enthalpy gain of —72 kJ mol™"' for

Table 2 Contributions of net enthalpy and entropy to the Gibbs free
energy of self-assembled molecular network formation for FGC18 at the
1-phenyloctane/HOPG interface as determined by linear regression
from the van't Hoff plot. Error bars represent standard error based on
the regression analysis (SE).

AS,¢ £SE/JK™*
mol™

AH, o = SE /K]
mol™!

—TASpec + SE / K]
mol ™!

=72 +21 —164 £ 69 48 + 20

This journal is © The Royal Society of Chemistry 2024
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FGC18 being comparable to previously studied systems. As
seen from the literature reports, the enthalpic contribution
depends on a plethora of parameters, including inter-
molecular interactions, molecule-substrate interactions as well
as solvent-substrate and molecule-solvent interactions. A
different balance between those factors is reflected in a rela-
tively large range of values for the enthalpic contribution. The
net entropy cost (TAS,) of ~49 k] mol™* derived from our
work, accounts for the overall entropy change for the network
formation, thus including the solvation processes, which is
similar to the previous studies using different
methodologies.'>'*21243% Qur estimate of the entropy change
associated with monolayer formation is thereby —164 J K
mol ™, though with large uncertainty. A rule of thumb known
from quantum chemistry,>>*! approximates —TAS change for
gas-phase molecules to about 10 kecal mol™ (~42 kJ mol™") at
room temperature for changing molecularity by one. This
corresponds to a AS value of about —140 J K™' mol™" and is
due to the loss of the molecule’s translational and rotational
degrees of freedom. In the case of FGC18, since the process
happens in solution, the entropy also has contributions
arising from the desolvation of the surface and the solute.
However, by comparing the two values, it seems that the
process of desolvation likely does not make a major contri-
bution to the entropy of SAMN formation.

So far, we have demonstrated that a relatively simple experi-
mental STM setup can be used for a thorough and fundamen-
tal assessment of the net enthalpic and entropic contributions
to the Gibbs free energy of SAMN. This assessment can be
carried out effectively when studying molecular systems that
are well-known and while maintaining precise control over
solution concentration and solvent evaporation. The advan-
tages of this approach include its relative ease and speed of
measurements, enabling the study of a wide range of mole-
cular systems. However, for investigating specific aspects of
the temperature effect, such as kinetics in the early stages of
SAMN formation, slow processes of SAMN formation, poly-
morph transitions, or systems where solvent evaporation is a
concern, alternative experimental setups become necessary
and more suitable.>*>¢>%2°

Numerical modelling of the temperature dependence using
the Ising model

The experimental STM approach enabled the determination of
net thermodynamic contributions to the Gibbs free energy for
the system under study. Yet, to fully grasp the implications of
these numerical results, a more detailed analysis is warranted.
A comprehensive method for achieving this understanding is
to develop a statistical thermodynamics model, which involves
precisely defining the interactions between parts of the system.
By comparing the predictions of this model with the experi-
mental data, we can elucidate the underlying molecular inter-
actions and their respective contributions. This comparative
analysis allows for a more nuanced interpretation of the
thermodynamic values, providing deeper insights into the
mechanisms governing the observed molecular self-assembly.

This journal is © The Royal Society of Chemistry 2024
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In our previous work, a 2D Ising model was developed to
describe molecular self-assembly on surfaces, where a rec-
tangular 2D lattice represents the ideal (defect-free) surface
filled with molecules, and the model characterises isotropic
nearest-neighbour interactions.'” The model, as shown by eqn
(3), has two parameters, the free energy of molecule binding to
a site with no neighbours (4°) and the free energy gain associ-
ated with nearest-neighbour interactions (J). To further evalu-
ate the overall temperature dependence of the Ising model, the
temperature dependence of those free energy terms must also
be considered. This is done by assigning an enthalpic and
entropic (eqn (4) and (5)) contribution to each parameter,
which are then recalculated at each temperature.

To study the temperature dependence of the Ising model,
the previously developed, in-house Monte Carlo (MC) code was
slightly adapted. For this, the adsorption energy term, x°, was
expanded according to eqn (4) into an enthalpy term uj,,
encompassing contributions associated with molecule-sub-
strate, molecule-solvent and solvent-substrate interactions,
and an entropy term pug, with the latter associated with
changes in translational and rotational entropy of the mole-
cule (vibrational and conformational entropy effects may also
intervene to some extent), as well as of the solvent molecules.
The molecule-molecule interaction term, J, (in the nearest-
neighbour approach) can be further evaluated into enthalpic
and entropic terms, according to eqn (5). In a first approxi-
mation, which is necessary due to limited and imperfect data,
the entropy change resulting from molecule-molecule inter-
actions has been assumed here to be negligible. As a result,
this parameter is approximated to contribute only to the
enthalpy term (Jz), while any entropy associated with mole-
cule-molecule interactions is accounted for, at least approxi-
mately, in the entropy term for molecule adsorption. Thus,
includes all the contributions to the entropy, including inter-
actions between all the different components of the system,
including solvent, substrate, and the assembling molecules.

G = (M0+kBTlnC—CO>Zoi—jZoio] (3)
i (i)

O =y — Tig (4)

J=Ju—=TJs=Ju (5)

Using the modified MC code, the effect of temperature
change on the coverage vs. concentration curves was simulated
for the range of temperatures between 298.15 K and 313.15 K
to parallel the temperatures used in experimental STM
measurements. The increase in the temperature causes a sig-
nificant increase in the critical concentration, which is
reflected as a shift of the curve to the right, as seen in Fig. 7.
This trend is expected as, due to the increase in temperature,
the system has more thermal energy available, changing the
rates of molecular adsorption and desorption processes at the
interface, thereby shifting the equilibrium to the higher con-
centration regimes. As can be seen from Fig. 7, the coverage vs.
concentration curves when the molecule-molecule interaction
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term is set to J; = 4.0 kJ mol™" produce a sigmoidal curve with
a sharp transition from ‘empty’ to ‘full’ surface. Simulations of
the MC code were also done for lower values of J;; and are pre-
sented in Fig. S15 in the ESIL.{ Notably, decreasing the value of
molecule-molecule interactions makes the transition from
‘empty’ to ‘full’ surface more gradual, even more pronounced
at higher temperatures.

Finally, the MC code was modified into a global optimiz-
ation problem to find the best-fit Ising parameters that mini-

10074 29815k
303.15K o -
A 308.15K . P v
o 0751 y31315K . A v
(0] ) v
5 v
% AA vv
S 050 2 Y
£
>
(%]
8

103 concentration / mol dm=3

Fig. 7 Coverage vs. concentration curves obtained by Monte Carlo
simulations of the 2D Ising model adopted for self-assembly on surfaces
as a function of temperature (d = 10, Jy = 4.0 kJ mol™,
iy =30kdmol™, pg =553K ™ mol™). All the simulations were pro-
duced using the same number of equilibration and production MC
sweeps (Neg = 10 000, Np,oq = 8000).

Table 3 Values of the parameters of the 2D Ising model for the
description of self-assembled molecular network formation for FGC18
at the 1-phenyloctane/HOPG interface as studied experimentally.

Global

fit dy/Kmol ™ ps/JK P mol™"  —Tug/kfmol™  Ju/kJ mol™"

—38.0

-52.3

15.5 2.798

surface coverage

205 300 305 310 315 320 325 330
temperature / K
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mise the squared sum of residuals for all the experimental
dataset simultaneously, including temperature and concen-
tration dependent results. The values of the Ising parameters
that represent the global fit are given in Table 3 and have been
used to calculate the curves in Fig. 8. We note that the experi-
mental uncertainties mentioned above inevitably restrict the
accuracy of this fitting process, and also note that a broad
range of rather different values of the parameters Jy;, y;; and
lead to qualitatively similar agreement with the experimental
data points.

Despite the numerical challenges associated with obtaining
highly accurate values, even using the present simple
approach, the 2D Ising model does shows that SAMN for-
mation is an enthalpically driven process. The enthalpy of
adsorption of a single molecule, on a lattice position with no
near-neighbours, is estimated to be —38.0 k] mol™". For the
monolayer formation, additional enthalpic stabilization arises
from the molecule-molecule interaction and is maximal when
all four neighbours are present. In that case, the maximal
enthalpic contribution (= 4Jy) from the near-neighbour inter-
actions as obtained from the fitting is about —11 kJ mol ™. In
total, the overall enthalpic contribution from the molecular
adsorption and near-neighbour interactions sums to —49 kJ
mol™". The values of entropic contributions to the overall
Gibbs free energy of SAMN formation are found to be close to
—52 ] K™' mol™". Evaluated at 25 °C, the entropic contribution
to the free energy of single molecule adsorption is around
15.5 k] mol ™.

Despite potential concerns about the quality of the Ising fit
to the experimental datasets, the extracted best estimates
clearly affirm the favourable enthalpic and unfavourable entro-
pic contributions to the free energy of monolayer formation.
Given the uncertainties in the experimental data, the Ising fit
(Table 3) is completely consistent with the parameters
extracted from van’t Hoff plot (Table 2). Moreover, the Ising fit
additionally reveals that the molecule-molecule interaction in
monolayer formation amounts to the order of several k] mol .

The calculated values for the Ising parameters provide a
robust representation of the experimentally observed trends

b)
1.004
o 0751
o)
o
2
g 0507
©
8
g 0.254
]
— simulated
0.00- | m experimental

00 05 10 15 20 25 30 35 40 45

10* concentration / mol dm™

Fig. 8 Global best-fit curves obtained by Monte Carlo simulations of the 2D Ising model adopted for surface self-assembly (d = 20): (a) coverage
vs. temperature dataset, (b) coverage vs. concentration dataset. All the simulations were produced using the same number of equilibration and pro-

duction MC sweeps (Neq = 12000, Nyoq = 8000).
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when assessing enthalpic and entropic contributions to the
overall Gibbs free energy of SAMN formation. This holds sig-
nificant importance as it provides invaluable insights into the
intricate interplay between molecule-substrate and molecule-
molecule interactions. Consequently, at this point, the Ising
code emerges as a robust and indispensable tool for the com-
prehensive thermodynamic evaluation of processes unfolding
at the liquid/solid interface.

Conclusions

In conclusion, an investigation of the influence of concen-
tration and temperature on the formation of a self-assembled
network of FGC18 molecules at the 1-phenyloctane/HOPG
interface was performed. The analysis of the concentration-
dependent results, using different adsorption isotherms, con-
firmed the process of SAMN formation for FGC18 to be coop-
erative. Additionally, evaluating the temperature effect in the
formation of the SAMN resulted in determining the enthalpy
and entropy change associated with the network formation.
These results highlight that a relatively simple experimental
STM setup can be utilised to estimate the thermodynamic
factors at play in the 2D self-assembly at the liquid/solid inter-
face, provided that the control over solution concentration and
solvent evaporation is established. However, for a more
detailed thermodynamic assessment the use of more suitable
experimental setups is recommended.

Additionally, the temperature dependence was evaluated by
expanding the previously developed 2D Ising model to allow
additional insights into the temperature dependence of the
contributions to the Gibbs free energy arising from the mole-
cule-surface and molecule-molecule interactions. A compari-
son between the experimental results and the model shows a
very good agreement even in the most basic approach.

The methods presented here present a widely applicable
technique for a complete thermodynamic characterization of
molecular self-assembly in 2D. This work is expected to serve
as a proof of concept and a foundation for further studies
expanding the knowledge of fundamental thermodynamic
insights at the liquid/solid interface.
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