The

University
&GYo Of
-d';\ﬁi;,.\_-,..:i_'rj_ﬁh-. SthﬁEId.

This is a repository copy of Quantifying the 'subtle interplay’ between intermolecular and
molecule-substrate interactions in molecular assembly on surfaces.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/134366/

Version: Supplemental Material

Article:

White, T.W., Martsinovich, N. orcid.org/0000-0001-9226-8175, Troisi, A. et al. (1 more
author) (2018) Quantifying the 'subtle interplay' between intermolecular and molecule-
substrate interactions in molecular assembly on surfaces. Journal of Physical Chemistry C,
122 (31). pp. 17954-17962. ISSN 1932-7447

https://doi.org/10.1021/acs.jpcc.8b06797

This document is the Accepted Manuscript version of a Published Work that appeared in
final form in Journal of Physical Chemistry C, copyright © American Chemical Society after
peer review and technical editing by the publisher. To access the final edited and published
work see https://doi.org/10.1021/acs.jpcc.8b06797.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose -
university consortium eprinis@whiterose.ac.uk
/,:-‘ Uriversities of Leecs: Shetfiekd & York https://eprints.whiterose.ac.uk/




Quantifying the ‘Subtle Interplay’ between

Intermolecular and Molecule-Substrate

Interactions in Molecular Assembly on Surfaces

Thomas W. Whitef, Natalia Martsinovichr, Alessandro T roisi*‘s‘, Giovanni Costantini’

"Department of Chemistry, University of Warwick, Coventry, CV4 7AL, UK
‘Department of Chemistry, University of Sheffield, Sheffield, S3 7HF, UK

YDepartment of Chemistry, University of Liverpool, Liverpool, L69 7ZD, UK

Supporting Information (SI)

1. Numerical model of 1-D self-assembly in a periodic energy landscape
2. Additional computational details
2.1. Molecular mechanics calculations
2.2. Density-functional theory calculations
3. Additional theoretical results
3.1. 2-D structure of TPA
3.2. Potential energy surfaces of TPA on Cu(111)
3.3. Potential energy surface of TPA on Au(111)
3.4. Benzene and benzoic acid adsorption on Cu(111) and Au(111)
4. Distribution of long intermolecular spacings in the TPA brickwork-like structure

5. References

"

S1



1. Numerical model of 1-D self-assembly in a periodic energy landscape

Molecules were modelled as particles in a 1-D periodic potential (representing the
substrate), with periodic boundary conditions. The interactions present in this system are: (i)
intermolecular interactions, described with a pairwise Morse-like potential (representing the
intermolecular dimeric hydrogen bond) and (ii) the molecules’ interactions with the periodic
substrate adsorption potential. The model is one-dimensional, i.e. we considered only a 1-D

chain of “molecules” and ignored any side interactions with molecules in neighboring chains.

The interaction of molecule i (located at coordinate x;) with the substrate can be

described by the cosine potential G(x;) with periodicity B and amplitude o:

G (x;) = —0cos (%) +90 (1)

The intermolecular interaction between molecule i and a neighbor molecule j can be

described by the Morse-like potential:
F(x)=&(1—e 2C)? )

where x = |x; — xj| is the distance between molecules i and j, A is the ideal gas-phase
(equilibrium) intermolecular distance, ¢ is the intermolecular interaction energy, and a

describes the width of the potential energy well.

The amplitude of the cosine potential & was set as the unit of energy and the periodicity
of the surface adsorption potential B was set as the unit of length. Therefore, the depth of the
Morse potential is described by the relative energy D = &/9, and the intermolecular distances
are expressed in terms of B — in particular, the ideal gas-phase intermolecular distance is
given by L = A/B; molecular coordinates X; = x;/B are also rescaled in units of B.
Moreover, the molecule-substrate cosine potential was shifted downwards by 10, thus
eliminating the second term in equation (1). As a result, the intermolecular and molecule-

substrate interactions become:
fiX)=D (1—e X102 3)
g(X;) = —cos(2nX;) “4)

Thus, for a system of N molecules with coordinates X;, the overall potential energy U is:
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UX:D) = Tizimul—cos@uX)] + Ticomly (FKis = XD + K= X))l )

and the force F; acting on molecule i is:

F(X) = =50 = 5-sin@rX) = f'(Xiss = X)) = /(i = Xi1) (6)

The system was set to be periodic with periodicity P, corresponding to the number of surface

adsorption sites considered.

The systematic procedure for finding the absolute energy minimum arrangement can be

described as follows.
1. The number of molecules N is chosen (starting with N = 1).

2. The number of surface adsorption sites P is chosen. P is varied between some
minimum and maximum values, P,,;, and P,..., which are chosen so as to accommodate the

number of molecules N and therefore depend on L.

3. For each P between P,;, and P,,, two starting arrangements of molecules are
constructed:
i. N molecules initially equally-spaced at distances equal to P/N (i.e. molecular

positions controlled by the substrate periodicity);

i1. N-1 molecules with initial intermolecular separations equal to the ideal gas
phase distance L (i.e. molecular positions controlled by the intermolecular interaction)
and the remaining molecule placed to accommodate the mismatch between (N-1)L and

P.

4. The equilibrium structure according to the potential energy (5) for N molecules in P

lattice sites is found by steepest descent minimization starting from both arrangements (1) and
(i1).
5. The energy (per molecule) of the resulting equilibrium structure is calculated for

each pair of N and P values.
6. Steps 3.-5. are repeated for each P between P,,;, and P, for the current value of N.

7. The calculated energies for the given N and all considered P are compared. The

minimum energy structure corresponds to the best match between the (fixed) number of
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molecules N and the (variable) number of sites P and to the best distribution of molecular
positions {X;} for the chosen number of molecules N (for the given intra- and intermolecular

potentials)

8. The number of molecules N is increased by 1 and steps 2.-7. are repeated. The
minimum energy per molecule and the corresponding molecular positions {X;} are recorded

for each value of V.

Typically, N was varied from 1 to 10, and by N = 10 the minimum energy per molecule
was found to have converged to an approximately constant value; only in few cases was there

the need to increase N beyond 10 to achieve convergence.

This procedure gives the lowest-energy commensurate superstructure (N molecules in a

periodic landscape of P surface adsorption sites).

The fact that the energy per molecule became approximately constant for large values
of N suggests that, after a certain threshold, there is no one preferred value of N; instead,
several superstructures with different N (and correspondingly different P) are likely to

coexist.

The described procedure was performed for a wide range of L and D values, to describe
an ample set of structural and energetic mismatches between the intermolecular and
molecule-substrate interactions. The value of a (the curvature of the Morse potential) was set
to be 2.0 so as to reproduce the curvature of the intermolecular energy vs distance curve (the

function plotted in Figure 3 in the main text) and was not further varied.

2. Additional computational details

2.1.  Molecular mechanics calculations
To obtain the ideal (gas-phase) TPA-TPA distance, the lattice parameter a along the 1-
D TPA chain was varied with step size 0.05 A (the other lattice parameters, b and ¢, were
kept fixed at large values of 40 A to avoid interchain interactions) and the value of a
corresponding to the minimum energy was found. To determine the minimum-energy 2-D

structure of the TPA 2-D infinite network, the b lattice vector and the angle between a and b
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were varied (specifically, the components b, and b, of the vector b were varied, also in steps
of 0.05 A), while the parameter a was kept fixed at its 1-D value. Finally, the values of a, b,
and b, were varied simultaneously around their minimum-energy values, to check that the 1-

D value of the parameter a was unchanged in the 2-D system.

2.2.  Density-functional theory calculations

Density-functional theory calculations of bulk Cu and Au metals, metal surfaces and
surface-adsorbate systems were done using the GGA Perdew-Burke-Ernzerhof (PBE)
functional,®" as outlined in the Computational Methods section of the main text. Test
calculations of Cu and Au bulk showed that the k-grid cutoff of 15 A (9x9x9 k-point grid)
and mesh cutoff of 150 Ry gave converged values of Cu and Au lattice parameters and bulk
cohesive energies. The optimized lattice constant for bulk Cu was 3.68 A (cf. experimental
value of 3.615 A?), and for bulk Au 4.17 A (cf. 4.079 A in experiment™). (111)-oriented
slabs were converged already at the two-layer thickness, with the surface energy of 1.62 J m™
(Cu) and 0.80 J m™ (Au), in very good agreement with earlier calculations.5* !
Nevertheless, a thicker 3-layer metal slabs with a fixed bottom layer was used for the
presented calculations.

To compare the energies of adsorption of TPA, benzoic acid and benzene on Cu(111)
and Au(111), high-symmetry adsorption sites were considered first: the molecules were
placed with the aromatic ring above the hexagonal close-packed (hcp) hollow site on Cu(111)
and above the face-centered cubic (fcc) hollow site on Au(111). Then, to model the potential
energy surfaces (PES) of TPA adsorption, the molecule was moved laterally in steps of 0.25

A (or 0.5 A on Au(111)) to cover the whole surface unit cell of Cu(111) or Au(111). The

metal atoms in the lowest layer of the slab were fixed, while the molecules were allowed to
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optimise both their geometry and position; however, there was almost no change in the

molecules’ lateral positions during optimisation because of the very flat PES.

3. Additional theoretical results

3.1. 2-D structure of TPA

By scanning through a large range of b, and b, components of the b lattice vector
(which is equivalent to simultaneously varying the length of b and the angle v, see Figure S1),
only one energy minimum was found. The minimum corresponds to @ = 9.64 A, b = 7.28 A
and y = 56.1° (b, =4.06 A and b, = 6.04 A). This geometry is in agreement with our previous
studies’®! and with experimental studies (cited in Ref.®%). The minimum-energy 2-D
structure is only 0.10 eV/molecule lower in energy than the 1-D chain of TPA. Thus, inter-
chain interactions are very weak, much weaker than the energy cost of contracting the TPA-
TPA distance along the chain to 9.3 A or expanding it to 10.4 A (see Figure 3 in the main
text).

E-E{1D}, eV

b/ R
Figure S1. Left panel: Schematic of the 2-D periodic structure of TPA, with lattice vectors a and b,
angle y and components b, and b, of the vector b indicated. Right panel: Map of interaction energies
of 2-D structures of TPA as a function of b, and b,. The energies are relative to the lowest
intermolecular interaction energy of the 1-D chain of TPA (—0.69 eV). The light blue arrow indicates

the position of the energy minimum of the 2-D structure.
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3.2. Potential energy surfaces of TPA on Cu(111)

PES were calculated for TPA adsorbed on Cu(111) with the molecule’s long axis oriented
along the [112] direction, along the [110] direction, and at a 15° angle to the [112] direction.
The molecule was placed on the metal surface and moved laterally in steps of 0.25 A to cover
the whole unit cell of the Cu(111) surface. Only the metal atoms in the lowest layer of the
slab were fixed; the molecule was allowed to optimize both its geometry and position, but its
lateral position did not change during optimization because of the very flat PES. In this way,
a 2.5 x 4.5 A rectangular 2-D grid of TPA positions on Cu(111) was explored. Adsorption
energies were calculated as described in the Methods section, and the BSSE correction
obtained for adsorption on the hcp site was applied throughout.

We are not aware of other computational studies systematically exploring potential energy
surfaces of similar molecules (benzene or its derivatives) on surfaces of noble metals. Several
computational studies explored benzene adsorption on (111) surfaces of noble metals using

759 but these were typically limited to

DFT-D or van der Waals-corrected functionals,[
considering a number of high-symmetry sites such as the hcp and fee hollow, bridge and top
sites. In these studies, hcp is typically found to be the lowest-energy site, although there is
some variation depending on the computational method.

The PES for the [112] orientation is presented in Figure 4 of the main text of the article.
One energy minimum can be seen in the upper right corner of the PES plot (the same
minimum in all four corners, connected by the surface lattice vectors); another minimum is
located in the central region of the PES. These minima correspond to the molecule adsorbed
with the center of its aromatic ring above the hexagonal close-packed (hcp) hollow site, as
shown in Figure 4a. The second minimum is not perfectly centered — this is most likely

caused by the finite step used for calculating the PES; it points to the limit of accuracy of our

calculations (few tenths of Angstrom and few hundredths of eV). A three-fold symmetry
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around the hollow site is not expected, since the TPA adsorbate does not have three-fold
symmetry. While a left-right symmetry could be expected, it should be noted that the TPA
molecule is not fully symmetric: the carbonyl and hydroxyl oxygens display different
strength of interaction with the copper surface with the former interacting more strongly and
achieving the shortest Cu-O binding distance of 2.47 A (cf. 2.79 A for the hydroxyl oxygen).
This could be a further cause of the slight asymmetry observed in the PES.

The highest maxima (in the lower central region of the plot) correspond to the molecule
adsorbed above a Cu atom. The face-centred cubic (fcc) hollow site is neither a minimum nor
a maximum, according to our results.

Figure S2 shows line scans of this PES along the y axis (i.e. along the [112] direction).
The results for the [110] orientation and for the orientation at a 15° angle to the [112]

direction are presented below in Figs. S3 and S4.

—=—x=0

——x=0.25 A
—A—x=0.50 A
——x=0.75 A

x=1.00 A

——x=1.25 A

Energy / eV

—=—x=1.50 A
—=x=1.75 A
x=2.00 A

—x=2.25 A

—s—x=2.50 A

Figure S2. Line scans of the PES of the [112] oriented TPA: adsorption energies as a function of the
y-coordinate of the molecule’s center of mass. The y direction corresponds to the direction of the TPA
chains. Each curve corresponds to a different x-coordinate value. The curves have been offset by 0.2

eV for clarity. All the curves have a roughly sinusoidal shape.
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Adsorption energies for TPA oriented along the [112] direction range from —0.77 (for
the lowest-energy adsorption sites) to —0.57 eV (for the highest maximum of the PES) and
the PES has thus a corrugation of up to 0.20 eV. For TPA oriented along the [110] direction
the adsorption energies range from —0.80 to —0.57 €V, i.e. the PES has a corrugation of up to
0.23 eV, and for TPA at the intermediate orientation of 15° with respect to the [112]

direction the energies vary from —0.76 to —0.61 eV, with a PES corrugation of up to 0.15 eV.

Adsorption
energy / eV
45 ~0.55
4 ~06
3.5 ~0.65
3 b b ot 3 07
' N7 7 W7
i ob af af of ab 4 S 075
vVvvVvw W |
» "' '0 " '4 '- . 15 ae
- W ‘ o )
L OO 1
0.5

Figure S3. Adsorption of TPA on Cu(111) with the long axis of the molecule along the [110]
direction of the surface. Left panel: atomistic model of TPA on Cu(111) adsorbed with the center of
the aromatic ring above the hep hollow site. The top layer of Cu atoms is shown in orange, the second
layer in gray and the third layer in yellow. The green rectangle shows the surface area for which the
PES was calculated. The adsorbed structure shown in the left panel corresponds to the bottom left
corner of the PES. Right panel PES showing the calculated adsorption energy of TPA on Cu(111) as a
function of the molecular position with respect to the atomic substrate lattice, for a 2.5 x 4.5 A grid of

TPA positions.
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Figure S4. Adsorption of TPA on Cu(111) with the long axis of the molecule at a 15° angle to the
[112] direction. Left panel: atomistic model of TPA on Cu(111) adsorbed with the center of the
aromatic ring above the hcp hollow site. The color scheme is the same as in Figure S3. Right panel:
PES showing the calculated adsorption energy of TPA on Cu(111) as a function of the molecular
position with respect to the atomic substrate lattice, for a 2.5 x 2.5 A grid of TPA positions.

According to these calculations, all orientations of TPA on Cu(111) are very similar in
energy, and it is not possible to identify one preferred orientation. This is in agreement with
earlier computational studies (both DFT-D and van der Waals density functionals, vdW-DF)

of benzene adsorption on noble metals, where the differences between the [112] and [110]

v [87-59

orientations are of the order of tens of me ! However, scanning tunneling microscopy

(STM) images (see main text) point to the [112] orientation as the predominant orientation;

therefore, this orientation was used in our further analysis.

3.3.  Potential energy surface of TPA on Au(111)

The PES for adsorption of TPA on Au(111) was calculated only for one orientation, with
the molecule’s long axis along the [112] direction. Similarly to the case of TPA on Cu(111),
a3.0 x 5.0 A area on Au(111) was explored, with a larger step of 0.5 A (a smaller 3.0 x 2.5 A
area on Au(111) was additionally studied with the step of 0.25 A). Adsorption energies were
calculated as described in the Methods section, and the BSSE correction obtained for

adsorption on the fcc site was applied throughout.
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A representative adsorption configuration (the lowest-energy position) is shown in Figs.
S5. Figure S6 shows the corresponding PES. Adsorption energies vary between —1.19 (for the
lowest-energy adsorption sites) and —1.14 eV (for the highest maximum of the PES). The
lowest-energy configurations (purple regions in the PES) are not found in correspondence of
high-symmetry sites but close to bridge sites, see Figure S5. The variation in the adsorption
energies is however very small, leading to a corrugation of the PES of only up to 0.05 eV, in
agreement with the literature (DFT-D and vdW-DF) results for benzene on Au(111).55% %]
Notably, this PES corrugation is much smaller than for TPA adsorption on Cu(111) (which is

~0.20 eV).

Figure S7 shows that, similar to TPA on Cu(l111), a cut through the PES of
TPA/Au(111) along the direction of the TPA chains has a roughly sinusoidal character. The
curves look less regular than those for TPA on Cu(111) in Figure S2, because of the very flat
PES of TPA/Au(111) with a corrugation that is close to the accuracy of DFT. However, each

of the lines in Figure S7 has a discernible wave-like shape.

Figure SS. Atomistic model of TPA on Au(111) in its lowest-energy adsorption site (note that this
site is only less than 0.01 eV lower than several other nearby adsorption sites). The long axis of the
molecule is oriented along the [112] direction of the surface. The top layer of Au atoms is shown in
yellow, the second layer in gray and the third layer in lime-green. The blue and green rectangles show

the two surface areas for which the PES were calculated and presented in Figure S6.
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Figure S6. PES plots showing the calculated adsorption energy of TPA on Au(111) as a function of
the molecular position with respect to the atomic substrate lattice. The left panel corresponds to the
blue rectangle in Figure S5 (3.0 x 5.0 A grid of TPA positions, with the step of 0.5 A); the right panel
is a higher-resolution PES for a smaller section of the surface, corresponding to the green rectangle in
Figure S5 (3.0 x 2.5 A grid of TPA positions, with the step of 0.25 A). Both plots show very flat PES

(corrugation of 0.05 eV) with very shallow energy minima.

—=—x=0
——x=0.50 A
——x=1.00 A

—x=1.50 A

Energy [/ eV
L]

x=2.00 A
——x=2.50 A

—=—x=3.00 A

y/A

Figure S7. Line scans of the PES of the [112] oriented TPA on Au(111) as a function of the y-
coordinate of the molecule’s center of mass (cf. the 2-D PES in the left panel of Figure S6). The
notation is the same as in Figure S2 for TPA on Cu(111): the y direction corresponds to the [112]
direction, i.e. the direction of the TPA chains; each curve corresponds to a different x-coordinate

value. The curves have been offset by 0.05 eV for clarity.
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These results for the two surfaces show the generality of the periodic function G(x;)
used to model the molecule-substrate interaction. The sinusoidal character is essentially given
by the position of the PES minima of TPA on the surface and the situation is expected to be
qualitatively similar for any (111)-terminated metal surface, as it is essentially a reflection of
the geometric structure of the metal and of the molecule. We expect the same behavior also
for the full 2-D PES which should be qualitatively well-described by a 2-D sinusoidal
function. As a consequence, a 2-D generalization of our self-assembly model can be devised

along very similar lines to the 1-D case.

3.4. Benzene and benzoic acid adsorption on Cu(111) and Au(111)

To compare the contributions of carbon (aromatic ring) and oxygen atoms to the TPA
binding energy on Cu(111) and Au(111), the adsorption of benzene and benzoic acid was
calculated on these two metal surfaces. The structures are shown in Figure S8, and the
energies are compared in Table ST1. All the molecules were adsorbed with the aromatic ring
above the hep site on Cu(111), and above the fcc site on Au(111). Note that two adsorption
configurations of benzoic acid were considered, corresponding to two different positions of

the carboxylic group.
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Figure S8. Atomistic models of benzoic acid in position 1 (top row), benzoic acid in position
2 (middle row) and benzene (lower row) adsorbed on Cu(111) (left panel) and Au(111) (right

panel). The color schemes are the same as in Figure S3 for Cu and in Figure S5 for Au.
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Table ST1 Adsorption energies of TPA, benzoic acid and benzene on Cu(111) and Au(111).

Molecule Adsorption energies on Cu(111)/ eV | Adsorption energies on Au(111)/eV
per molecule per heavy atom per molecule per heavy atom

(C,0) (C,0)

TPA 077 —0.06 -1.15 ~0.10

Benzoic acid

(position 1) 0.62 007 098 0.1

Benzoic acid

(position 2) —0.66 —0.07 ~1.01 0.11

Benzene ~0.56 ~0.09 —0.83 —0.14

It is difficult to compare these energies with published theoretical values for benzene on
metals, because these latter vary rather strongly depending on the methodology chosen for
treating dispersion interactions (see Ref.!®”) for an overview of published results). However,
our adsorption energy for benzene on Cu(111), —0.56 eV, is close to — even if slightly lower
than — the experimental value of —0.71 eV."**! Our value for benzene on Au(111), —0.83 eV,
is also close but slightly larger than the experimental value of —0.76 eV [S4].°”! These
differences are determined by the Cj parameter values taken from Ref.>'” and Ref.®'!! for
interactions with Cu and Au, respectively.

Adsorption energies have been broken down into contributions from carbon and oxygen
atoms (assuming that hydrogen contributions are very small and can be grouped with their
carbon atoms). The results shown in table ST1 show that carbon atoms interact with both
Cu(111) and Au(111) surfaces slightly more strongly than oxygens: the binding energies per
atom are consistently 0.01-0.03 eV larger when only C and H are present (in benzene) than
when O atoms are also present (in benzoic acid and TPA). Adsorption energy of one
carboxylic group can be approximately estimated as the difference E,;5(TPA) —
Eyqs(benz.acid) or E,4s(benz.acid)—E, ;(benzene), which gives the values —0.06 -
—0.15eV on Cu(111) and —0.14 - —0.18 eV on Au(111). Adsorption energies of benzoic acid
with two different positions of the carboxylic group differ by 0.03-0.04 eV on both metal

surfaces, showing that O-metal interactions, even if not strong, are directional.

S15




4. Distribution of elongated intermolecular spacings in the TPA brickwork-like

structure

Figure S9 shows a histogram obtained from a detailed analysis of hundreds of STM images,
where the number of molecules in between the dark spots (corresponding to the long
intermolecular spacings) is counted. Only images with sufficiently high resolution were used.
The histogram presents a wide distribution with an extended tail towards longer chain
lengths. It should be noted that the measurement process favors counting of short chains as
longer chains tend to extend beyond the edges of an STM image. Irrespectively of this,
Figure S9 clearly does not show any evidence of a strongly preferred repetition length of the

larger molecular separations along the TPA chains.
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Figure S9. Histogram counting the number of TPA molecules between the dark spots in the

direction of the dimeric hydrogen bonds.
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