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Self-assembly of three related molecules — terephthalic acid and its hydroxylated analogues — at the liquid/solid interfaces

(graphite/heptanoic acid and graphite/1-phenyloctane) has been studied using a combination of scanning tunnelling

www.rsc.org/

microscopy and molecular mechanics and molecular dynamics calculations. Brickwork-like patterns typical for terephthalic

acid self-assembly have been observed for all three molecules. However, several differences became apparent: (i)

formation or lack of adsorbed monolayers (self-assembled monolayers formed in all systems, with one notable exception

of terephthalic acid at the graphite/1-phenyloctane interface where no adsorption was observed), (ii) the size of adsorbate

islands (large islands at the interface with heptanoic acid and smaller ones at the interface with 1-phenyloctane), (iii)

polymorphism of the hydroxylated terephthalic acids monolayers, dependent on the molecular structure and/or solvent.

To rationalise this behaviour, molecular mechanics and molecular dynamics calculations have been performed, to analyse

the three key aspects of the energetics of self-assembly: intermolecular, substrate-adsorbate and solvent-solute

interactions. These energetic characteristics of self-assembly were brought together in a Born-Haber cycle, to obtain the

overall energy effects of

1. Introduction

The ability of molecules to self-assemble into extended
ordered thanks to specific intermolecular
interactions opens many possibilities for applications in such

. . . L1, 02 .38
diverse fields as biomedicine™” “, molecular electronics™",

structures

sensors’ and catalysis.10 In particular, by confining the self-
assembly process on solid substrates, two-dimensional (2D)

12

structures can be formed ™™ by exploiting a number of

different intermolecular forces: from metal coordination™ **
to hydrogen bonding“’ 15, to weaker dispersion interactions.”
While the nature of the interactions between the molecular
units is typically the key factor in determining the resulting
other more subtle

reported to affect the final supramolecular structures: the

6

assembly, influences have also been
chemistry and symmetry of the substrate (even for inert
surfaces such as highly ordered pyrolytic graphite (HOPG) and
Au(111)"), the temperature,”®?° the ultra-high vacuum (UHV)
or solution environment,lg' 222 the nature of the solvent,lg’ %
% the concentration of the solute (the self-assembling
molecule),lg' 2935 3nd any co-adsorption of solvent or guest
molecules? 2> 3% 36 3 The possibility of controlling
supramolecular polymorphism by weak intermolecular
interactions, such as interactions with the solvent, is a new
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This journal is © The Royal Society of Chemistry 20xx

formation

of self-assembled monolayers at these liquid/solid interfaces.

and fascinating approach to the ultimate goal of rationally
programming molecular self-assembly. However, its
fundamental mechanisms are still not clearly understood, and
it is likely that multiple mechanisms may be simultaneously at
. 25,31
play: from co-adsorption of solvent and guest molecules to
different solvation of small molecular aggregates — precursors
to the extended self-assembly —in different solvents.”

In this work, we investigate the combined effects of the
molecular structure and the nature of solvent in the molecular
self-assembly of benzene dicarboxylic acids at the liquid/solid
(HOPG) interface. In particular, we study the self-assembly of a
series of three molecules: terephthalic acid (TPA) and its
hydroxyl-substituted analogues 2-hydroxyterephthalic acid
(2HTPA) and 2,5-dihydroxyterephthalic acid (25DHTPA), shown
in Figure 1. Self-assembly of TPA has been widely studied on a
variety of substrates (both inert, such as HOPG,38'41
graphene,“’ 3 Au(111),44 Ag(111)45, Pt(111)46 and reactive,
such as Cu(100)47’ % and Cu(110),49 Pd(lll),50 supported
metallic multilayers,51 doped Si(111),45’ 32 Ti02,53’ >4 calcitess),
and both in vacuum®*> 4 %55 4nd at the liquid/solid
interface.®®*° While on the more reactive surfaces TPA can
undergo different transformations that modify its chemical
structure (e.g. deprotonation of the carboxylic moieties), 4749,
313334 51 inert substrates its self-assembly is characterised by
the formation of molecular chains stacked in a brickwork
38-40, 4248 Thig supramolecular architecture is controlled
by two types of interactions: intra-chain dimerisation of
carboxylic groups to form strong hydrogen bonds (H-bonds) —
as also observed for other carboxylic acid molecules: trimesic

fashion.

J. Name., 2013, 00, 1-3 | 1



23, 30, 56

acid, isophthalic acid,40 1,3,5-benzenetribenzoic acid®*
stilbenedicarboxylic acid” - and secondary inter-chain
dispersion interactions.
HO o} HO o HO. o
OH OH
HO

o OH o OH o OH

TPA 2HTPA 25DHTPA
Figure 1 Structures of (a) terephthalic acid (TPA), (b) 2-

hydroxyterephthalic acid (2HTPA) and (c) 2,5-dihydroxyterephthalic
acid (25DHTPA).

Here we introduce additional “lateral” OH moieties and vary
their number to tune the inter-chain interactions and to study
their effect on the self-assembly. We also use two different
solvents: a nonpolar solvent, 1-phenyloctane (PO), and a polar
solvent with an acid group, heptanoic acid (7A), to investigate
the effect of solvent-solute interactions (m-stacking vs H-
bonds) on the assembly.

We use a combination of scanning tunnelling microscopy
(STM) experiments and molecular mechanics (MM) and
molecular dynamics (MD) calculations. The STM results reveal
similarities in the 2D structures formed by these molecules,
but also differences: (i) different surface coverage by
adsorbates at the two liquid/solid interfaces, (ii) formation of
two slightly different self-assembled structures of 25DHTPA
depending on the solvent, and (iii) co-existence of several
domains with different molecular orientations for the
asymmetric 2HTPA molecule. Computational modelling is used
to rationalise the observed 2D structures and the equilibrium
between molecules in solution and self-assembled monolayers
at the liquid/solid interface. Similar to what done in previous
related work® 57, Born-Haber cycles are constructed to
evaluate the energy gain upon formation of self-assembled
monolayers from solution.

2. Methods

2.1. Experimental Methods

A fresh graphite surface was obtained by cleaving a HOPG
crystal (grade ZYB) with Scotch tape before each molecular
deposition. A saturated solution was prepared by dissolving
the molecules in the solvent (heptanoic acid or 1-
phenyloctane) in a small glass vial; approximately 10-30uL of
the solution were then deposited on the HOPG substrate using
a micropipette.

2| J. Name., 2012, 00, 1-3

The adsorbed self-assembled 2D molecular structures were
characterised using STM (Veeco with Nanoscope E controller
and an A-type scanner) operating in ambient conditions at the
solid-liquid interface, and using mechanically-sheared Pt/Ir
(90/10) tips. For molecular imaging, the bias voltage (applied
to the sample) ranged from —1.5 to 1.0 V, with typical currents
between 70 and 100 pA. For atomic resolution imaging of the
underlying HOPG surface, typical tunnelling parameters were
—0.1/0.1 V and 100-800 pA. All STM images were processed
using the WSxM software.”® STM images which have been
recalibrated by using half-half images containing both atomic
resolution of the HOPG substrate and the molecular Iayer56 are
indicated as “rescaled STM images” in the figure captions.

2.2. Computational Methods

Force field. The calculations of the 2D assembly of the TPA,
2HTPA and 25DHTPA molecules, adsorption of these molecules
and solvent molecules on graphite, adsorption of the solvent
on 2D molecular monolayers, and solvation of these molecules
by liquid solvent were carried out using molecular mechanics,
with the Tinker software®® and the MM3 force field.®” ®* The
force field parameters for the H-bonding in the carboxylic acid
dimer (interactions between carboxylic hydrogen, atom type
24, and double-bonded carboxylic oxygen, atom type 77) were
taken from our previous work Ref.?%: the energy parameter
€54..77= 7.78 kJ mol™ and the distance parameter ry.57 = 1.75
A.

The 2HTPA and 25DHTPA molecules contain additional
phenolic hydroxyl groups, and therefore different types of H-
bonding interactions, both intra- and intermolecular, are
expected between two hydroxyl groups and between hydroxyl
and carboxylic groups (see Table 1). H-bonding parameters for
these interactions are not available in MM3 (except for the
interaction type 73-6: hydroxyl hydrogen — phenolic oxygen).
Therefore, accurate quantum-chemistry calculations were
performed using Moller-Plesset perturbation theory (MPZ)63
and were used to fit the missing H-bonding parameters. Four
isomers of 2HTPA were considered, with different positions
and conformations of the hydroxyl group relative to the
carboxylic groups, as well as several 2HTPA and phenol dimers
with a range of hydroxyl-hydroxyl and hydroxyl-carboxyl
arrangements (see Electronic Supporting Information (ESI),
Section S1). MP2 calculations with the DZVP basis set were
done using Gaussian09** software; all binding energies were
corrected for the basis set superposition error (BSSE). Some of
the calculations were also done with the larger TZVP basis set
but the resulting binding energies and relative energies of
isomers were similar to what was obtained with the DZVP
basis set within 2.5 kJ mol'l). MM3 calculations were then
done on the same systems, while varying the energy and
distance parameters for each interaction, to achieve a good fit
both in terms of energies (within 5.0 kJ mol™, see ESI Section
S1) and geometries (within 0.2 A). The best parameters, shown
in Table 1, were used for all the following MM calculations.

This journal is © The Royal Society of Chemistry 20xx



Table 1. Hydrogen bonding parameters for the MM3 force
field, fitted in this work

Interaction (H...0) Atom .o A €40
types kcal mol™

H(carboxyl)"-o=(carboxy|) 24-77 1.75 7.78
(Ref.*?)

H(phenol)"-o=(carboxyl) 73-77 1.75 7.78

H phenol)---OH carboxyl) 73-75 1.9 5.5

H phenol)---OH phenol) 73-6 2.3 3.2

H(ch)---OH phenol) 5-6 2.6 1.0

Calculations of 2D structures. 2D monolayer structures of 2HTPA
and 25DHTPA were explored by scanning through combinations of
their 2D lattice parameters. First, isolated 1D molecular chains
were modelled: the lattice parameter a (along the molecular
chain) was varied, with a step of 0.1 A, to find the lowest-
energy value of a. Then, while keeping a fixed at its optimum
value, 2D arrangements of the molecular chains were
modelled by simultaneously varying the parameters b,
(perpendicular distance between the chains) and b, (the shift
of the chains relative to each other along the chain direction,
shown schematically in Figure 2), with a step of 0.1 A, similar
to the procedure used in Ref.* The parameters b, and b, are
directly related to the parameters b (b2 = bx2 + byz) and vy (siny
= b, / b) typically used to describe 2D lattices. The structures
were kept planar by fixing the z coordinates of all atoms. The
2D potential energy surfaces (PES) obtained by varying b, and
b, were analysed to identify the energy minima.

Figure 2 Schematic showing (left) the definition of the Ilattice
parameters a and b and the angle y between them, and decomposition
of b into the components b, (inter-chain separation along the y axis)
and by (shift along the direction of the chain, i.e. along the x axis);
(middle and right) two choices of the inter-chain lattice parameter, b
or ¢ (and the corresponding angles y and B) for the same lattice,
leading to unit cells of different shapes but the same size.

Calculations of adsorption. A large hydrogen-terminated graphene
sheet (20x20 C atoms) was used to model the adsorption of the
three terephthalic acid molecules and of the solvent molecules, on
HOPG. All atoms of the graphene sheet and the lateral coordinates
(x and y) of the adsorbates were fixed, while the vertical
coordinates of the adsorbates were allowed to optimise. A 2D grid
of adsorption positions above the graphene sheet was considered,
covering the rectangular shaped graphene unit cell (2.46 x 4.26 A,
with step 0.2 A). Adsorption of single solvent molecules above TPA
and substituted TPA monolayers was modelled similarly: all atoms
in the monolayer were fixed, and the lateral coordinates of only the

This journal is © The Royal Society of Chemistry 20xx

first and last atoms of the solvent’s alkyl chains were fixed, thus
allowing the solvent molecules the flexibility to adjust their
conformation (this flexibility was found not necessary on graphene,
the adsorbates’ conformations remained essentially
unchanged). As with the direct adsorption on graphene, a 2D grid of
adsorption positions above the monolayers was considered,
covering the whole area of each monolayer’s unit cell, with step 0.2

o

A.

where

Calculations of solvation. Molecular dynamics simulations were
used to obtain solvation energies of TPA, 2HTPA and 25DHTPA in 7A
and PO. To achieve good sampling of the solvent and solute-in-
solvent systems, several 3D boxes of solvent were constructed, with
periodic boundary conditions: a parallelepiped-shaped box
containing 200 7A molecules and a roughly cubic box containing
192 7A molecules, a parallelepiped-shaped PO box containing 192
PO molecules and a roughly cubic box containing 198 PO molecules.
Cell volumes were chosen to reproduce the experimental densities
of these solvents: 0.918 g em?® (7A) and 0.858 g em?® (PO). Solvent
systems were first annealed from 1000 K to 298 K for 1 ns, then MD
simulations using the canonical (NVT) ensemble were run until
variation in energies (averaged every 0.5 ns) was less than 5 kcal
mol™ (this took 2-3 ns for PO and 4-6 ns for 7A, since hydrogen
bonding of carboxylic groups takes a longer time to equilibrate).
The Nose-Hoover thermostat was used; the integration time step
was 1 fs; the “rattle” algorithm was used to constrain all covalent
bonds to H atoms to their ideal bond length. 6 simulations of PO
solvent and 10 simulations of 7A solvent were run, and energies
(collected over the last 1 ns) were averaged over these MD runs.

To create solvent-solute systems, one or two molecule of the
solvent was removed and replaced by one or two molecule of the
solute. The volume of the cell was adjusted, to account for the
different molecular volume of the solute compared to the solvent
(the molecular volumes were calculated from the molar masses and
densities: TPA, 1.52 g cm ;%> 2HTPA, 1.61 g cm™>;% 25DHTPA, 1.779
g cm'i‘;67 7A, 0918 g cm"”;68 PO, 0.858 g cm? 69). One solute
molecule per 192-200 solvent molecules corresponds to the solute
concentrations of ~0.035 mol dm™ in 7A and ~0.023 mol dm™ in PO.
Several solvent-solute cells were built and simulated: 9 for TPA in
7A, 6 for 2HTPA and 25DHTPA in 7A and 6 for each solute molecule
in PO. Solute-7A systems were initially annealed from 400 to 298 K
for 1 ns; then all solute-solvent systems were simulated using MD
(NVT ensemble) until the averaged energy variation was below 5
kcal mol™. Similar to the pure solvents, solute in PO took less time
to equilibrate (2-4 ns) than in 7A (3-7 ns). The last 1 ns of each MD
simulation were used to determine the energies of solute in
solvent.

3. Results and Discussion
3.1. STM imaging

STM images of TPA, 2HTPA and 25DHTPA, obtained at the
interface of HOPG with 7A and PO solutions, are shown in
Figures 3 and 4, demonstrating that in most cases the

J. Name., 2013, 00, 1-3 | 3
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molecules formed ordered self-assembled layers. One notable
exception is TPA in PO, where no self-assembled monolayer
was observed, as discussed below.

The measured lattice parameters for all observed monolayers
are summarised in Table 2. The images show many similarities:
the molecules are imaged as bright spots corresponding to the
benzene rings, sometimes with submolecular contrast; all
observed monolayers have a brickwork-like pattern, indicative
of the formation of chains held together by strong intra-chain
interactions (dimeric hydrogen bonds) and weak inter-chain
interactions.’® ® The measured lattice parameters for TPA at
the HOPG/7A interface (o = 10.0 A, b = 7.7 A, y = 48°, relative
error = 5%) are in good agreement with previous studies of
TPA self-assembled monolayers on a variety of substrates
(HOPG, graphene, Au(111), Pt(111)), both at the liquid/solid
interface and in UHV,38'4°’ 42,4498 55 shown in Table 3.

TPA

S 58y

3

2HTPA

¢,
:
'ﬁ,

25DHTPA

Figure 3. STM images of self-assembled monolayers at the HOPG/7A
interface: (a, b) TPA; (c, d) 2HTPA; (e, f) 25DHTPA. Overlays of
molecular structures in (b, d, f) show proposed supramolecular
arrangements in these 2D structures. (b, d, f) are rescaled STM images.

4| J. Name., 2012, 00, 1-3
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25DHTPA

Figure 4. STM images of self-assembled monolayers at the HOPG/PO
interface: (a, b) TPA; (c, d) 25DHTPA. Overlays of molecular structures
in (b, d) show proposed supramolecular arrangements in these 2D
structures. (b, d) are rescaled STM images.

Table 2. Experimental lattice parameters of TPA, 2HTPA (only
regular brickwork assembly) and 25DHTPA monolayer
structures from STM measurements (the relative uncertainty
is 5% in all cases)

Molecule Solvent a b Y Area

/A | /A | /° |/Amolecule™
TPA 7A 100 | 7.7 | 48 57.2
2HTPA 7A,PO | 94 | 84 | 50 60.5
25HTPA 7A 93 | 86 | 44 55.6
25HTPA PO 9.3 | 84 | 57 65.5

Table 3. Comparison of TPA lattice parameters obtained in
this work with literature values for 2D monolayers of TPA on
inert and weakly reactive substrates and for TPA bulk crystal.

Source Substrate | Solvent a b Y
or UHV /A /A /°
This HOPG 7A 10.0+0.5 | 7.740.4 | 48+2
work
Ref.*® HOPG 7A 10.0 7.5 60
Ref.*° HOPG 7A 9.8 7.4 60
Ref.*! HOPG 7A 9.6+0.05 | 8.9+0.05 | 70+5
Ref.*® HOPG 9A 9.6+0.1 | 7.840.1 | 50+1
Ref’® graphene 7A 9.5+0.2 | 7.6+0.6 | 533
Ref.*? graphene | UHV 9.840.6 | 7.4+0.3 60
Ref.*** Au(111) UHV | 10.0+0.3 | 7.340.3 | 553
Ref.”™** | Cu(111) UHV 9.5+0.1 N/A N/A
Ref.*® Pt(111) UHV 9.6 7.3 49
Ref.>*** | pd(111) UHV 9.5+0.6 N/A N/A
Ref.”? 3D crystal - 9.54 7.73 43

* Averaged over three distinct sets of a, b, y for three non-

This journal is © The Royal Society of Chemistry 20xx
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equivalent directions on the reconstructed Au(111) surface
** Averaged over two main a values.

*** Value for 1D chains (2D monolayers of deprotonated
molecules were also observed)

However, there are also notable differences between the
monolayers formed in the two solvents. When deposited from
7A, all three molecules form ordered extended islands and
completely cover the HOPG surface (Figure 3). In contrast,
with the PO solvent, the molecules tend to form isolated
islands rather than a complete monolayer (Figure 4). In the
case of TPA in PO, the molecules do not adsorb at all: no
molecules were observed on the HOPG surface despite
extensive scanning.

The overview of the TPA lattice parameters obtained in this
study and reported in the literature (Table 3) shows that the
structure of the monolayers formed by TPA is essentially
unchanged on all inert substrates, both at the solid/liquid
interface and in the UHV environment; therefore, the lack of
adsorption at the HOPG/PO interface is unexpected. However,
previous studies of TPA self-assembly were done only in UHV
and in alkanoic acid (heptanoic acid® *° and nonanoic acid
(9A)39) solvents; we are not aware of this molecule having
been adsorbed from phenyloctane or other nonpolar solvent.
There is, however, an example of a chemically similar system
for which no adsorbed self-assembled layers were observed:
phthalic acid at the HOPG/7A interface®® — attributed to weak
adsorption of this non-planar molecule on HOPG. In our case
of TPA, the likely difference is the nature of solvation:
hydrogen bonding interaction of TPA with 7A, against m-
stacking in PO. The lack of TPA adsorption suggests strong -
stacking interaction with the PO solvent, which competes with
the molecule-substrate interaction and limits the formation of
an adsorbed layer.

Comparing the assembly of the symmetric molecules (TPA and
25DHTPA) to the asymmetric 2HTPA molecule, it can be
observed that while the former arrange into extended islands
with only one orientation with respect to the HOPG lattice
(Figure 3a, b, e, f and Figure 4c, d), the latter forms several
molecular domains with different orientations, both in 7A and
PO (Figure 3c, d and Figure 4a, b). This can be attributed to the
existence of different adsorption orientations for the 2HTPA
molecule — with different domains containing molecules with
the different orientations. The solvent affects the 2HTPA island
size but not the molecular packing: the same brickwork-like
structure with very similar lattice parameters (see Table 2) is
seen for both solvent interfaces. The b parameter (describing
the inter-chain distance) and the angle y are slightly larger in
2HTPA than in TPA, indicating that 2HTPA chains are more
widely spaced than TPA chains. This is clearly caused by the
presence of the hydroxyl moiety in 2HTPA: the bulkier OH
groups and the repulsion between oxygens in hydroxyl and
carboxyl groups in neighbouring chains are likely to both play a
role here. Surprisingly, the distance along the chain, i.e. along
the hydrogen-bonded carboxylic groups, is reduced compared

This journal is © The Royal Society of Chemistry 20xx

ARTICLE

to TPA, from 10.0 to 9.4 A. A possible reason for this may be
the effect of the substrate, i.e. the relationship between the
substrate periodicity and the intra-chain periodicity,71 and the
possibility of inter-chain interactions (either weak or strong,
depending on the presence of OH groups) modulating the
substrate interactions.

A closer inspection of the 2HTPA images reveals that, besides
regions characterised by a regular brickwork assembly (Figures
3c and d and Figures 4a and b), also other regions exist
displaying an alternative assembly with a high variability in the
inter-chain separation, noticeable as gaps between the chains
(Figure 5). This second type of assembly develops at the
interface with both 7A and PO. While the inter-chain distance
in the regular 2HTPA structure is 8.4 + 0.4 A, the other regions
show a pairing of chains with alternating short (7.2-7.4 A) and
long (9.1-9.2 A) separations and are therefore dubbed
alternating 2HTPA assembly. The likely explanation for these
enlarged and shortened inter-chain distances is the repulsion
between hydroxyl groups of adjacent 2HTPA molecules.
Notably, the shorter inter-chain separation approaches the
corresponding value in TPA (7.7 A). It is thus likely that in the
regular brickwork regions (Figures 3c and d and Figures 4a and
b) the 2HTPA molecules have the OH groups all oriented in the
same direction forming evenly spaced single chains (as shown
schematically in Figure 6a), while in the alternating assembly
(Figure 5), molecules with OH facing/opposing each other
belong to chains with wider/smaller separations (Figure 6b).
Thus, 2HTPA displays polymorphism, which is not caused by
the solvent but rather originates from the structure of the
molecules themselves.

2HTPAIn 7A

2HTPAin PO

HOPG/7A interface; (c, d) at the HOPG/PO interface. Overlays of
molecular structures in (b, d) show proposed supramolecular
arrangements in these 2D structures, while numbers show measured

inter-chain separations in nm. (b, d) are rescaled STM images.

J. Name., 2013, 00, 1-3 | 5
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Figure 6. Schematics of two possible types of arrangements of 2HTPA
molecules in 2D periodic structures: (a) single chain structure: all
2HTPA molecules have the same orientation of the OH groups,
resulting in uniform inter-chain spacing; (b) double chain structure:
pairs of 2HTPA chains with alternating OH orientations, resulting in
two different inter-chain spacings.

25DHTPA (Figures 3e and f and Figures 4c and d) also forms a
brickwork structure, similar to TPA and 2HTPA. However, in
this case there are quantitative differences between the
structures formed at the interfaces with 7A and in PO (see
Table 2): although the values of the a and b lattice parameters
are very similar for both solvents, the angle y between them is
noticeably larger in PO (57°) than in 7A (44°). Thus, the
structure formed at the interface with PO is 18% less densely
packed than the structure formed at the interface with the 7A
solvent, with the difference likely being caused by different

orientations of hydroxyl groups. Thus, 25DHTPA monolayers
display solvent-induced polymorphism.

To summarise, all three terephthalic acid molecules showed
differences in their self-assembly behaviour at the two studied
solid-liquid interfaces: presence or absence of self-assembled
monolayers at the solid-liquid interface (TPA); full or partial
surface coverage of the molecular layers (2HTPA, 25DHTPA);
singly oriented (TPA, 25DHTPA) or multiply oriented (2HTPA)
molecular domains; co-existence of two polymorphs for both
solvents (2HTPA); formation of two polymorphs depending on
the solvent (25DHTPA). Theoretical insight is necessary in
order to understand the origin of these differences and will be
presented in the next section.

3.2. Calculations of 2D structures of 2HTPA and 25HTPA

The whole “surface-adsorbate-solvent” system is too large to
be modelled efficiently at once. However, it can be partitioned
into key components: (i) 2D self-assembled monolayers
(intermolecular interactions), (ii) individual molecules
adsorbed on the graphite surface (molecule-substrate
interactions) and (iii) solute molecules surrounded by solvent
(solute-solvent interactions).

To understand the differences in the self-assembly and the
polymorphism of 2HTPA and 25DHTPA molecules, calculations
of their 2D periodic structures in isolation (i.e. without
substrate and solvent) were done using MM, as described in
the Computational Methods section. To identify all possible
stable 2D arrangements of these molecules, potential energy
surfaces (PES) were obtained by scanning through
combinations of the 2D lattice parameters. The monolayer
structures (Table 4) were compared to TPA results published
earlier’™™ ® and to the experimental results found in this work.

Table 4. Calculated lattice parameters, area per molecule and monolayer binding energies (relative to an isolated molecule) of
low-energy 2D monolayers of TPA, 2HTPA and 25DHTPA. The calculated values for TPA from Ref.* are included for

comparison.

E a b b e o o By B oy Area Assignment to
Molecule | 2D arrangement Meo o b2 b2 v e b i2 /A2 experimental
/ kJ mol /A /A /A / / / molecule™ structures
TPA Ref.* —768 | 938 | 81— 7.3;— 75.1; | 56.4; | 49;— 56.83 Regular TPA
2HTPA SC-Minl —79.0 9.4 7.5, — 8.0; — 74; — 51; - 55; — 58.28 Regular 2HTPA
)
2HTPA DC1-Minl —82.6 9.4 7.3;7.5 8.3;7.9 77;75 | 49;51 | 58;54 57.81 Regular 2HTPA
2HTPA DC1-Min2 873 94 | 75,88 | 83;7.2 | 73;71 | 50;62 | 58;46 59.69 Alternating
2HTPA
2HTPA DC1-Min3 786 | 94 | 68,81 | 11.1;7.3 | 59,75 | 39;56 | 82;49 60.16 -
2HTPA DC2-Min1 810 | 94 | 7.0;69 | 115,83 | 52;76 | 36;59 | 88;59 60.63 -
2HTPA DC2-Min2 —78.2 9.4 8.7;7.0 7.1;,8.7 72;73 | 62;45 | 46;62 58.28 Alternating
2HTPA (?)
2HTPA DC3-Min1 791 94 | 74;78 | 95,75 | 66,76 | 46;53 | 68;51 60.63 -
25HTPA SC-Minl 901 94 | 7.3;- 8.3;— 74;— | 48;— | 58— 58.28 25DHTPA in 7A
25HTPA DC-Minl —82.2 9.4 7.4;— 9.3, — 67; — 47; — 66; — 63.45 25DHTPA in PO
25HTPA DC-Min2 —81.9 9.4 9.5;7.4 7.4;9.6 66;66 | 68;46 | 46;68 64.39 -
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Figure 7. Single-chain and double-chain arrangements of 2HTPA molecules (left) and calculated lowest-energy structures of 2HTPA 2D
monolayers (right). Lattice parameters are shown in blue. Unit cells are highlighted in green.
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2HTPA. 2HTPA is a non-symmetric molecule containing one
hydroxyl group. Therefore, unlike the symmetric TPA, 2HTPA
can adsorb on a surface in four different orientations: with the
hydroxyl group in the top-right, top-left, bottom-right, and
bottom-left positions. While 2HTPA molecules within a chain
display all the same orientation, molecules in neighbouring
chains can be in each of these four orientations. This gives rise
to four different arrangements for the 2HTPA molecular
chains: a single-chain structure (SC, Figure 7a),
have the same orientation over the entire

where
molecules
monolayer, and three double-chain structures (DC, Figures 7b-
d), where the orientations of the 2HTPA molecules in two
adjacent chains differ. The packing of the molecular chains is
uniform only in the former case (SC in Figure 7a), while
different inter-chain distances result for all other cases,
depending on the number and position of OH groups in
between neighbouring molecules: 1 OH per molecular pair
(DC2 in Figure 7c) or two OH between neighbouring chains
followed by none in the successive pair (structures DC1, DC3 in
Figures 7b, d).

The potential energy surfaces for the 2D monolayers of the
single-chain and double-chain 2HTPA structures are shown in
the Supporting Information, the lowest-energy structures are
displayed in Figure 7, and the intermolecular distances in
Table 4. While the unit cell of the SC structure contains only a
single molecule, that of the DC structures comprises two
molecules with two sets of inter-chain distances (described by
b;, ¢; and b,, ¢;) and two sets of angles (a4, B1, and a,, B,),
reflecting the existence of two inter-chain arrangements.

A single minimum is found for the SC structure (a = 9.4 A, b =
8.0 A, vy = 51°, see Table 4), which is in good agreement with
the experimentally observed regular 2HTPA monolayer (a = 9.7
A, b=8.4A,y=50° see Table 2). In contrast, several minima
are found for the double-chain structures. Notably, DC1-Min1,
DC1-Min2 and DC2-Minl are more stable than SC. This clearly
shows that the 2HTPA molecule is capable of polymorphism.
Moreover, the geometry of DC1-Minl (the most stable
calculated 2HTPA structure) is very similar to that of SC
(distances within 0.3 A, angles within 3°, i.e. differences below
the +5% accuracy of the experimental measurements). Thus
DC1-Minl is the most likely candidate structure for the
experimentally observed regular 2HTPA monolayers.

The DC1-Min2 structure is only slightly less stable than DC1-
Minl (-82.3 vs -82.6 kJ mol'l), but has a different
arrangement of chains, resulting in alternating large and small
inter-chain distances (both b,, b, and c;, ¢;). Therefore, this
structure is the most likely candidate for the observed
alternating 2HTPA assembly (Figure 5). Among the other
energy minima described in Table 4, one (DC2-Min2) also has
the geometry similar to the alternating structure, but it is
higher in energy, while the other minima are both high in

8| J. Name., 2012, 00, 1-3

energy and significantly different from the experimentally
observed structures.

Therefore, two likely 2HTPA monolayer structures emerge:
DC1-Minl for the regular assembly, and DC1-Min2 for the
alternating assembly. The very close similarity in energy of
these two structures explains their experimentally observed
coexistence. Moreover, the similarity in the monolayer binding
energies also explains why this polymorphism of 2HTPA is not
affected by the polar or apolar nature of the solvent. The
specific pairing of 2HTPA molecular chains necessary for both
DC1-Min1 and DC1-Min2 structures may also be the reason for
the formation of domains with different
orientations (Figures 3c, d and Figures 4a, b): “wrong”
molecular pairings may be encountered at grain boundaries.

molecular

25DHTPA. Since the 25DHTPA molecule has two OH groups,
there are only two possible orientations it can take in adjacent
chains: parallel and antiparallel, resulting in either single-chain
or double-chain structures (Figure 8). Because of its symmetry,
the PES of 25DHTPA is also much simpler than that of 2HTPA:
only one minimum is found for the SC structure, and two
minima for the DC structure, as presented in Figure 8 and
Table 4. The most stable structure, SC-Minl (lattice
parameters a = 9.4 A, b = 83 A, v = 48°), is in very good
agreement with the experimentally observed 25DHTPA
monolayers in 7A (a =9.3 A, b=8.4 A, y = 44°, Table 2).

The two DC structures are less stable than SC by ~8 kJ mol™,
and the agreement with the experimental monolayer
geometries in either 7A or in PO is not very good. However,
both DC structures have a larger area per molecule than the SC
structure (63.5-64.4 A’>/molecule vs 58.3 A%/molecule), caused
by the wider spacing between the chains. This sparser
molecular packing is a characteristic of the experimental
monolayers observed in PO, which have a larger area per
molecule (65.5 Az/molecule) than those observed in 7A (55.6
Az/molecule). Thus, it is possible that the monolayers formed
in PO are related to the calculated DC structures, in particular
to DC-Minl, which matches better the experimentally
observed uniform separation between the 25DHTPA chains.
However, our force field was not able to fully reproduce the
true structure of 25DHTPA chains in PO. The reason may be in
the choice of the distance and energy parameters for the
OH(phenol)---O(carboxylic) hydrogen bond: they was fitted to
reproduce the strong intramolecular hydrogen bond in 2HTPA
and 25DHTPA (see Sl section S1), but this may also lead to the
OH(phenol)---O(carboxylic) hydrogen bonds
being artificially shortened.

intermolecular

Overall, the 25DHTPA molecule appears to be capable of
polymorphism, similarly to 2HTPA, although its lowest energy
monolayer structure, SC-Minl, is clearly significantly more
stable than the alternatives.

This journal is © The Royal Society of Chemistry 20xx
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Figure 8. Single-chain and double-chain arrangements of 25DHTPA
molecules (left) and calculated lowest-energy structures of 25DHTPA
2D monolayers (right). Lattice parameters are shown in blue. Unit cells
are highlighted in green.

3.3. Thermodynamic analysis of the self-assembly of
substituted TPA

The
monolayers, i.e. the effects of the substrate and the solvent
were not explicitly included. To understand the nature of self-
assembly at the solid-liquid interface, we need to take into
account the fact that the molecules in a monolayer are
adsorbed on a surface, are in contact with the solvent, and are
in dynamic equilibrium with molecules dissolved in the
solvent.

calculations described above considered isolated

Born-Haber cycle. To achieve a quantitative description of the
energetics of self-assembly at the solid-liquid interface and, in
particular, of the effect of the solvent, we used the Born-Haber
cycle (shown in Figure 9 for TPA assembly at the HOPG/7A and
HOPG/PO interfaces), similar to what done in Refs.>¥ 37

TPA molecule in vacuum

E({monolayer)
-85.2 kJ mol TPA
-76.8 kJ mol!

TPA in 7A TPA mcn?;:,;r in vacuum
salution il
- 1 | E(dewetting) | E(wetting)
E(wetting) E(deweiting) PO on HOPG | PO on TPA
L lid ; hon HOPG‘ E{adsarption) +55.2 kdmol | -35.4 kJ mol* ‘
-36.7 kd mol! |+53.1 kd mel! | +pa on HOPG =
-85.8 kJ mol! TPA in PO
Adsorbed TPA Adsorbed TPA =
AE =-31.0 monolayer at =
monolayer at AE=-98
IE HOPGITA HOPG/PO kJ mol’

Adsorbed TPA monolayer on HOPG  interface

interface
Figure 9. Born-Haber cycle for the self-assembly of TPA at the
HOPG/7A and HOPG/PO interfaces. The energy of the monolayer
formation at the solid/liquid interface, with respect to molecules in
solution, is highlighted in red.
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The energy of a monolayer of solute molecules adsorbed at
the solid-liquid interface is calculated as a sum of several
contributions: (i) the monolayer binding energy E,,, i.e. the
difference between the energy of a single isolated solute
molecule and that of the same molecule within a monolayer;
(ii) the adsorption energy E,q4,, calculated as the binding energy
of a single solute molecule on the graphite substrate; (iii) the
de-wetting energy Egewer = Edesorb(solv) = —Lads(solv)r which
accounts for the fact that the solvent, initially covering the
substrate, needs to be desorbed to make space for the
adsorption of the solute molecules; (iv) the wetting energy of
the adsorbed monolayer Eyesting = Eqds(soiv-on-mi), that takes into
consideration the fact that the monolayer of adsorbed solute
molecules is in contact with a layer of solvent above it. Note
that the latter two quantities, the energies of adsorption of
the solvent on the substrate and on the monolayer, are
calculated per 1 solvent molecule. On the other hand, the
energetics of self-assembly is calculated per 1 molecule of
solute. The solvent adsorption energies should therefore be
re-scaled per area occupied by 1 solute molecule adsorbed on
the substrate:*

Eads(salv) scaled = Eads(salv) /Asalv X Asalute . (1)

Thus, the energy of monolayer assembly at the solid-liquid
interface, Eyy@s, relative to that of a solute molecule in
vacuum, is:

EML@SLI = EML + Eads — Lads(solv) scaled + Eads(salv-on-ML) scaled - (2)

The energy of solvation E,,qrion iS simply calculated as the
difference between the energy of the system composed of one
solute molecule within the solvent and the sum of the energies
of the pure solvent and of the isolated solute molecule.

Finally, the energy gain (or cost) for the monolayer formation
at the solid-liquid interface is the difference between the
energy of the monolayer at the solid-liquid interface and the

energy of solvation:

Emanalayerfarmation = EML@SLI - Esalvation . (3)

J. Name., 2013, 00, 1-3 | 9
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Table 5. Energies and areas per molecule involved in the Born-Haber cycle for TPA, 2HTPA and 25DHTPA at the HOPG/7A and

HOPG/PO interfaces.

Molecule Solvent Area Area Esolvat\'on EML Eads Eads(sclv) Eadslsolv] Eads(sclv— Eads(sclv— EML@SL\ Emonolayer
(solute) | (solvent) Jkimol™ | /kimol® | /kimol* | /Kimol™ | e on-ML) on-ML) JkImol™ | formotion
/'&2 /'&2 / / scaled /

Kimol™ | Kimol™ | / kJ mol™
k) mol

TPA 7A 56.8 54.9 -95.2 -76.8 -65.8 -51.3 -53.1 -35.4 -36.7 -126.2 -31.0

TPA PO 56.8 89.9 -113.0 -76.8 -65.8 -87.4 -55.2 -56.1 -35.4 -122.8 -9.8

2HTPA (DC 7A 57.8 54.9 -98.6 -82.6 -69.7 -51.3 -54.0 -41.8 -44.0 -142.3 -43.7

Min1)

2HTPA (DC PO 57.8 89.9 -114.3 -82.6 -69.7 -87.4 -56.2 -64.0 -41.1 -137.2 -22.9

Minl)

25DHTPA 7A 58.3 54.9 -93.8 -90.1 -75.4 -51.3 -54.5 -45.5 -48.3 -159.4 -65.6

(SC Min1)

25DHTPA PO 63.5 89.9 -114.1 -82.2 -75.4 -87.4 -61.7 -66.5 -46.9 -142.8 -28.7

(DC Min1)

25DHTPA PO 58.3 89.9 -114.1 -90.1 -75.4 -87.4 -56.6 -66.5 -43.1 -152.0 -37.9

(SC Min1)

Energies. The energies of adsorption and solvation necessary
for obtaining the monolayer formation energy have been
calculated as described in the Computational Methods section
(mean values of solvation energies over several MD
simulations, and mean values of adsorption energies for a grid
of adsorption positions above substrate), and are collected in
Table 5. In particular, the calculated solvation energies are
very similar between the three solute molecules, but vary with
the solvent: —95.2 to —98.6 kJ mol™” in 7A, —113.0 to —114.3 kJ
mol™ in PO. Interestingly, despite the possibility of strong
hydrogen bond formation with the carboxylic groups of 7A, the
solvation energies in PO are larger, showing that m-stacking in
these systems is stronger than the hydrogen bonding. For
comparison, the solvation energy of TPA in 9A calculated using
the same method is —115.1 kJ mol'l, and the experimental
value is —114.4 kJ mol'l;39 this is more than the solvation
energies in 7A (-95.2 kJ mol™?), showing that the dispersion
interaction with the alkyl chains of the solvent is also non-
negligible and is stronger for longer and more flexible alkyl
chains. Note also that the variation (standard error of the
mean) of the solvation energies is very large, up to + 20.5 kJ
mol™ in PO and up to +41.9 kJ mol™ in 7A, representing is the
largest source of inaccuracy in our computational analysis.

Adsorption energies on HOPG progressively increase from TPA
to 25DHTPA (from —65.8 to —75.4 kJ mol™, Table 5). Inspection
of the potential energy surfaces of these molecules’
adsorption shows that adsorption positions corresponding to
AB stacking of the benzene ring above the underlying graphite
are the most stable ones; however, the variation of energies
between different adsorption positions is very small: the
difference between the largest and smallest adsorption energy
is only 1.1 kJ mol™ for 25DHTPA, and 1.0 kJ mol™ for 2HTPA (a
similar difference of 0.8 ki mol™ between the adsorption
minimum and maximum was found for TPA on HOPG
previously39). This very flat potential energy surface for
adsorption of these molecules on HOPG suggests that there is
no strong preference towards specific adsorption positions.

10 | J. Name., 2012, 00, 1-3

The adsorption energy of PO on HOPG (—87.4 kJ mol’l) is larger
than that of 7A (-51.3 kJ mol’l), in agreement with the area of
the two solvent molecules and the presence/absence of
phenyl rings. The difference in energies between adsorption
maxima and minima is again small: 2.0 kJ mol™ for PO, and 1.4
kJ mol™ for 7A.

Adsorption of both solvents on monolayers is weaker than on
HOPG (7A adsorption energies from —35.4 to —45.5 kJ mol™,
PO adsorption energies from —56.1 to —66.5 kJ mol™?, always
strongest on 25DHTPA and weakest on TPA). This is as
expected, because monolayers have a less dense structure
than graphite and therefore fewer atoms to interact with.
Interestingly, the variation in these adsorption energies is
larger than on HOPG (standard deviation up to 6.4 kJ mol™ for
7A adsorption and up to 4.0 kJ mol™ for PO adsorption). This
can be rationalised, as there are preferential positions both for
7A (the carboxylic group of 7A pointing towards the carboxylic
and hydroxyl groups of TPA and its analogues) and PO (the
phenyl ring of PO above the phenyl rings of TPA)

Analysis of the energetics of self-assembly. The energies
summarised in Table 5 can be combined according to
equations (1)-(3) to calculate the energy gain for monolayer
formation at the solid-liquid interface, which is presented in
the extreme right column of Table 5. TPA is the most
interesting example. The experiments show that TPA forms
adsorbed self-assembled monolayers at the HOPG/7A
interface but not at the HOPG/PO interface. The breakdown of
the overall monolayer formation energy into contributions
according to equations (1)-(3) is illustrated in Figure 9. Two of
the contributions (the binding energy of the TPA monolayer in
vacuum and the adsorption energy of a single TPA molecule on
HOPG) are independent of the solvent, while the solvent
wetting-dewetting processes stabilise the structure at the
HOPG/7A interface slightly more than at the HOPG/PO
interface. However, the biggest difference is in the solvation
energies: solvation of TPA in PO is much more favourable than
in 7A. As a result, the energy gain in forming the monolayer
from solution in PO is very small (-9.8 kJ mol™) compared to
7A (—31.0 k) mol™).

This journal is © The Royal Society of Chemistry 20xx




Note that the energies described here are enthalpies, while
Gibbs free energies would be needed for a definitive answer
whether adsorption from solution is possible or not. Thus,
although the self-assembly of TPA at the HOPG/PO interface
still has a small enthalpic gain, this may be compensated by an
entropic loss. The entropy of molecules in solution can be
calculated” and in general depends on the structure of the
molecule, concentration and temperature. For example, for
TPA in 9A, the entropy term —TAS was estimated as +3.4 kJ
mol™*® and for a related slightly larger stilbenedicarboxylic
molecule (SDA) as +12.5 kJ mol™,*>” both values of similar
magnitude to the enthalpy gain found here. Thus, the Gibbs
free energy for this monolayer formation could be very close
to zero, indicating that a stable adsorbed monolayer of TPA at
the HOPG/PO interface should not form.

For TPA at the HOPG/7A interface and for all other 2HTPA and
25DHTPA systems considered here, the energy gain due to
monolayer adsorption from solution (from —22.9 to —28.7 kJ
mol™ in PO and from —31.0 to —65.6 kJ mol™ in 7A) is much
larger than the entropy terms quoted above. Therefore, the
Gibbs free energy for the self-assembly of these systems is
always negative (favourable) — supported by the experimental
observations of adsorbed monolayers. It can also be seen that
the energy gain of self-assembly is always larger in 7A than in
PO. This agrees with the experimentally observed full
monolayer coverage in 7A and partial coverage in PO.

To summarise, the analysis of all energy contributions to the
self-assembly at the solid-liquid
interface enables us to explain the formation or absence of
TPA monolayers in 7A and PO, respectively, and the
differences in surface coverage of substituted TPA molecules
at the interfaces between these solvents and HOPG.

process of monolayer

Conclusions

Self-assembly of TPA and its hydroxylated analogues 2HTPA
and 25DHTPA at the liquid/solid interfaces (graphite/heptanoic
acid and graphite/1-phenyloctane) was studied using a
combination of STM measurements and molecular mechanics
dynamics calculations.
investigate the effects of the polar and apolar solvents on the
self-assembly, and their interplay with weak (dispersion) and
strong (hydrogen-bonding) interactions. STM results show that
all three molecules form brickwork structures, similar to what
was previously reported for TPA. However, the coverage
achieved is different: full surface coverage is observed for all
three molecules in 7A, partial coverage for 2HTPA and
25DHTPA in PO, and no adsorption of TPA in PO. There are
further differences related to the nature of the molecules: the
symmetric TPA and 25DHTPA form domains with a single
orientation, while the non-symmetric 2HTPA forms multiply
oriented domains. 2HTPA is also the only molecule that,
besides the regular brickwork assembly, forms alternative

and molecular The aim was to

This journal is © The Royal Society of Chemistry 20xx

structures characterised the pairing of H-bonded molecular
chains with alternating small and large inter-chain separations.
25DHTPA forms two different brickwork structures depending
on the solvent: a dense structure in 7A and a ~18% less dense
structure in PO. Thus, polymorphism was observed, both
induced by the solvent (for 25DHTPA) and related to the
molecular structure (2HTPA).

To rationalise these results, molecular mechanics
investigations of 2D monolayers of 2HTPA and 25DHTPA were
carried out. 2D arrangements for both molecules had multiple
minima, showing that both molecules should be capable of
polymorphism. In particular, two 2D structures, close in energy
but slightly different in geometry, were identified for 2HTPA,
which correspond well to the regular and the alternating
structures observed in the experiments. Because of the close
similarity in their energies (only 0.3 kJ mol™ preference for the
“regular” structure), these structures are expected to co-exist
independent of the solvent. For 25DHTPA, one energetically
favoured 2D structure is found (attributed to the structure
experimentally observed in 7A), as well as two less favourable
structures, which may be the candidates for less dense

structure experimentally observed in PO.

The energetics of self-assembly was explored by constructing
the Born-Haber cycle and analysing the energy difference
between adsorbed monolayers at the liquid-solid interface and
molecules in solution. Solvation of all three molecules by PO
was found more exothermic than solvation by 7A. For TPA at
the HOPG/PO interface, the adsorbed and solvated systems
were very close in energy, suggesting an equilibrium between
molecular adsorption and molecules in solution, with no
strong energetic preference for the TPA molecules to adsorb.
By comparison, there is a strong preference for adsorption of
TPA at the HOPG/7A interface, and for 2HTPA and 25DHTPA at
both liquid/solid interfaces. The formation of an adsorbed
monolayer is particularly favourable at the 7A interfaces,
explaining why full monolayer coverage is achieved with this
solvent but only partial coverage is observed in the PO solvent.

Thus, by studying the assembly of three very similar molecules,
we obtained different outcomes: molecules self-assembling on
a surface (forming a range of structures) or staying in solution.
The outcome is controlled by a complex balance of solvent-
solute, adsorbate-adsorbate and adsorbate-surface
interactions. In the relatively simple model system studied
here, the careful small changes in the molecules have allowed
us to obtain a full insight in the causes behind the observed
phenomenology, with an almost completely predictive model.
That this is a very important result, demonstrating the level of
control that an integrated experiment-theory approach can
achieve in the technologically relevant field of molecular
functionalisation of surfaces by 2D self-assembly.
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