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Abstract: Carboxylic acids are ubiquitous building blocks in supramolecular and surface chemistry
because of their strong but reversible binding to metal cations. In these applications the relative ordering
and orientation of the acids can affect performance. We present a rational approach to tuning intermolecular
interactions with the goal of maintaining a favorable molecular conformation while also enabling long-
range ordering. In particular, we show that scanning tunneling microscopy (STM) images of m- or p-
fluorobenzoate monolayers on rutile (110) produced in aqueous solutions display very large (2 x 1) grains
without the intermolecular pairing observed in similarly prepared benzoate monolayers. The lack of pairing
is attributed to the electronegative fluorine substituent, which reduces m-n or quadrupolar interactions
between the phenyl groups on adjacent molecules and stabilizes a favorable configuration between the
aromatic head group and the carboxylate binding moiety. In spite of the reduced interactions between the
head groups, the large grain sizes are indicative of intermolecular interaction energies that significantly
exceed thermal energy. These strong interactions are surprising given the 6.6 A separation between adjacent
molecules. Quantitative measurements of the intermolecular interaction energies from molecularly resolved
STM images are a factor of ~7 larger than those predicted by dispersion-corrected density functional theory
(DFT). A number of possible origins for this discrepancy are discussed. This finding suggests a new path

to the production of highly ordered monolayers and superstructures of large molecules.
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Introduction

Because of their strong but reversible binding to metal cations, carboxylic acids are ubiquitous building
blocks in both supramolecular and surface chemistry. For example, one of the first metal-organic
frameworks (MOFs), MOF-5, consists of a cubic array of zinc oxide nuclei tethered by aromatic
dicarboxylic acids, benzene-1,4-dicarboxylic acid.! The reversible binding of carboxylates is often credited
with promoting high crystallinity in MOFs. As a second example, dye-sensitized solar cells typically use
carboxylic acid linkages to attach light-absorbing, conjugated dye molecules to TiO, nanocrystals.> In this
application, the carboxylic acid is both a tether and an electronic conduit between the molecule and the
nanocrystal. Benzoic acid derivatives have also been used to control the surface dipole and modify charge
injection in heterointerfaces.” These two fields are now coming together in the development of surface-
tethered metal-organic frameworks (SURMOFs),””” which use a supporting surface to enhance the stability

of highly porous MOFs.

In some applications, the relative ordering and orientation of the acids can affect the properties of the
structure. For example, a planar orientation of the carboxylate moiety with the aromatic 7 structure of
organic dyes is necessary for full conjugation and good electronic hybridization with the substrate.
Similarly, much of the promise of SURMOFs is based on their anticipated long-range order and high
porosity, which would be well suited, for example, to ion exchange in electrovoltaic applications. The
question we address is what structural motifs promote structural regularity and long-range ordering,

particularly when the acids are large (e.g., larger than the underlying unit cell).

As an example, benzoic acid — the simplest analogue of the dyes used in TiO»-based dye sensitized solar
cells — binds to TiO»(110) as benzoate in two nearly isoenergetic isomers® as shown in Figure 1. The H
atoms produced in this dissociative adsorption reaction bind to surface “bridging” O atoms, forming
hydroxyls. In the “paired” isomer,”'? quadrupolar and dispersion interactions between adjacent aromatic
head groups favor an edge-to-face orientation of the aromatic rings in which adjacent molecules tilt towards

one another by 7°.'* (The paired isomer, which has a tetrameric structure, is sometimes referred to as a
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dimer due to its appearance in STM images.) This strong intermolecular interaction has the advantage of
leading to long-range (2 x 1) ordering; however, it breaks the conjugation of half of the molecules to the
substrate and presumably lowers the efficacy of charge transport. In contrast, the phenyl rings on the
“unpaired” isomer'*'* twist by ~20° about the surface normal to relieve steric interactions. The molecules

in this isomer do not tilt, so the STM images show no molecular pairing.

Figure 1: (Top) STM images of the “paired” and “unpaired” isomers of benzoate bound to
TiOx(110) and (bottom) molecular structures of the two isomers obtained from DFT
simulations. The Ti, O, and H atoms are represented by blue, red, and white spheres,

respectively. See Ref. 8 for more information.

Here, we present a rational approach to tuning intermolecular interactions with the goal of maintaining a
favorable molecular conformation while also enabling long-range ordering. We show that unfavorable
intermolecular interactions can be lowered by the addition of an electron-withdrawing group, such as
fluorine. As suggested by the electrostatic potential maps shown in Figure 2, this chemical modification

reduces edge-to-face (quadrupolar or w-w) interactions, leading to the production of monolayers with a
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uniformly favorable configuration between the aromatic head group and the carboxylate binding moiety.
Even though these monolayers are engineered to have reduced intermolecular interactions, they display
unexpected long-range ordering, with very large adsorbate grain sizes. Quantitative measurements of the
intermolecular interactions that lead to this regularity are ~8 times larger than predicted by density
functional theory (DFT). This suggests a new path to the production of highly ordered monolayers and

superstructures of large molecules.

Benzene Fluorobenzene

Figure 2: Electrostatic potential maps of benzene and fluorobenzene showing that the

electron-withdrawing fluorine substituent reduces the quadrupolar character of the ring.

Experimental and Computational

Experimental Methods. Prior to use, rutile (110) samples were thermally reduced in ultrahigh vacuum

(UHV) at 700°C for 15 min to induce sufficient conductivity for STM analysis.

Prior to use, all labware was cleaned in a 1:1:5 by volume solution of 28% NH4OH (aq, EMD Millipore,
ACS grade):30% H>O; (ag, J.T. Baker, CMOS grade):ultrapure H,O (Milli-Q) at 80°C for 10 min then
rinsed with H,O. Rutile (110) samples were then etched in a 1:1:2 by volume NH4OH:H>0,:H,O solution
at 80°C for 10 min and rinsed in H>O to produce a clean and atomically flat surface.'>'® This hydrophilic
surface was then immersed in a room temperature, 3 mM solution of either para- or meta-fluorobenzoic
acid (Sigma-Aldrich, 99%) for 10 min. Upon removal from solution, the surfaces were markedly

hydrophobic and were used without rinsing. All solution processing was performed in air.

Samples were transferred to a UHV chamber through an oil-free load lock. X-ray photoemission

spectroscopy (XPS) was performed on electrons collected at 70° from the surface normal after excitation
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with Mg Ko x-rays,. A Tougaard baseline was removed from all spectra.'” Small energy corrections
(~0.05 eV) were applied to the reported spectra using published reference energies'® to offset mild band

bending."” STM images were obtained in UHV at room temperature with a W tip.

Computational Methods. Density functional theory (DFT) was used to model the structure and energetics
of fluorobenzoate-terminated rutile (110) surfaces using 4 x 2 periodically repeating slabs consisting of 5
TiO, trilayers separated by a 12.5 A vacuum spacing with autocompensated surfaces (Supporting
Information).?® The surface of the supercell contained 4 unsaturated Ti atoms capable of adsorbing 2
benzoate molecules at saturation. During optimization, the positions of the bottommost TiO, layer and its
terminating bridging O rows were held fixed. Calculations were performed using DFT within the
generalized gradient approximation’' (GGA) as implemented in the Vienna ab initio simulation package
(VASP). % Electron-ion interactions were described using the projector augmented wave (PAW)
method.”®*” Electronic states were expanded in plane waves with a kinetic energy cutoff of 400 eV and a 6
x 4 x 1 Monkhorst-Pack grid of k points. Brillouin-zone integration was performed using Gaussian

smearing.

Both complete monolayers and isolated molecules were studied. The complete monolayers had two
adsorbed molecules per unit cell. The energies of isolated molecules were calculated using 4 x 4
periodically repeating slabs with correspondingly fewer & points. This structure corresponds to a 1/4

saturation coverage. Representative structures are shown in the Supporting Information.

Two different functionals were used. Initial calculations were performed with the Perdew, Burke, and
Ernzerhof (PBE) exchange-correlation functional.”® When this functional led to much weaker long-range
interactions than experiment, simulations were repeated using the revPBE functional,” which improves
modeling of non-covalent interactions®> and leads to the best overall agreement with experiment at this
level of theory across a wide range of molecules.’® For completeness, the simulations were repeated
including Hubbard on-site Coulomb interactions for the Ti d electrons with U = 4.1.%'* All functionals

were corrected for long-range dispersion interactions, as these corrections have been shown to improve the
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description of noncovalent interactions and energetics across a wide range of systems.”” Three different
types of dispersion correction were used: the DFT-D3(BJ) method with Becke-Johnson damping,***’ the
charge-density-dependent DFT-TS formulation of Tchatchenko-Scheffler,*® and the MBD@rsSCS many-

body dispersion method of Tchatchenko et al.***

The electrostatic potential surfaces are color maps of position-dependent electrostatic potential calculated
at the PBE+D3 level and displayed on isosurfaces of constant charge density using a color scale of 1.6 V

full scale with red being the most negative. The aromatic H atoms define the zero potential.

Results and Discussion

The interactions between aromatic molecules are complex,*' involving electrostatic, dispersion, and other
forces. Nevertheless, qualitative understanding can often be inferred from electrostatics. To first order,
benzene, the simplest aromatic molecule, is a quadrupole with a partial negative charge above and below
the plane of the ring and a partial positive charge in the plane of the ring. The addition of an electronegative
atom, such as fluorine, withdraws charge from the aromatic system, thereby reducing the quadrupolar
character. Based on this simple electrostatic picture, we reasoned that the addition of an electronegative
substituent such as fluorine would decrease the quadrupolar interactions between adjacent adsorbed

molecules, thereby destabilizing the edge-to-face isomer.

To test this hypothesis and measure the interadsorbate interactions, we used the highly site-selective etching
of TiO,(110) by basic peroxide solutions'® to prepare rutile TiO, (110) surfaces with very large atomically
flat terraces. Fluorobenzoate monolayers were deposited at room temperature by direct immersion of the
atomically flat surfaces in aqueous solutions of either p- or m-fluorobenzoic acid. The only difference
between the two isomers is the position of the fluorine atom. The para isomer leads to a monolayer in which
the C-F bond is normal to the surface, whereas the meta isomer has a C—F bond nearly parallel to the surface.
The use of aqueous deposition ensures that multiple adsorption/desorption events occur at every surface
site during deposition. This high degree of reversibility is often cited as a key to the production of

macromolecular structures with large grains, such as MOFs.
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The chemical identity of the fluorobenzoate monolayers was confirmed using XPS analysis as described in

the Supporting Information.

As hypothesized, the addition of a fluorine atom in either the meta or para position suppresses the formation
of “paired” isomers, as shown by the STM images of m-fluorobenzoate monolayers in Figure 3. More

surprisingly, the monolayers display a very high degree of regularity along the Ti rows, the [001] direction,
and perpendicular to the Ti rows, the [110] direction. In other words, the monolayers have a near-defect-

free (2 x 1) structure.

Figure 3: Low- and high-resolution STM images (50 pA, 1.5 V) of m-fluorobenzoate on
rutile (110) show a high degree of regularity along the Ti rows, the [001] direction, and
perpendicular to the Ti rows, the [110] direction, corresponding to a near-perfect (2 x 1)
structure. The arrows indicate a few of the grain boundaries that disrupt perfect ordering.

The scattered tall species (“white balls™) are attributed to adventitious contamination.

Periodicity along the Ti rows is not surprising; this is a simple consequence of the near-complete monolayer
coverage and the facile diffusivity of carboxylates along the Ti rows.** On the other hand, periodicity across

the Ti rows is controlled by intermolecular interactions. Because of its bidentate bonding, a carboxylate can
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bond to one of two interpenetrating sublattices, which we arbitrarily refer to as the “red” and “blue”
sublattices. For example in the molecular model in Figure 4, the molecules on the left side are bound to the
red sublattice, whereas the molecules on the right half are shifted along the Ti rows by one atom and bonded
to the blue sublattice. In the model, the two domains meet at an adsorbate grain boundary that is parallel to
the Ti rows, the [001] direction. To highlight the experimentally observed periodicity, regions bound to the

blue and red sublattices are indicated by colored overlays in the large scale images in Figure 4.
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Figure 4: STM images of (top) m-fluorobenzoate (50 pA, 1.5 V) and (middle) p-
fluorobenzoate monolayers (90 pA, 2.0 V) on rutile (110) with (bottom) a molecular model
of an p-fluorobenzoate grain boundary. The images in the left and right columns are
identical. The overlays on the right images indicate the two sublattices to which the
molecules are bonded. The scattered tall species (“white balls”) are attributed to

adventitious contamination.
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In the absence of intermolecular interactions, the probability of two adjacent rows of molecules forming a

grain boundary would be 50%. As a result, there would be a high density of grain boundaries, and the

average width of a grain in the [110] direction would be two lattice constants or 13 A.

The large size of the grain boundaries indicates the intermolecular interactions significantly exceed the
thermal energy. We use a simple model to quantitatively estimate these interactions. To a first
approximation, the energy of an adsorbed molecule is given by the adsorption energy of the molecule to a
clean TiO,(110) surface plus the interaction energies with its four nearest neighbors: two along the Ti rows
and two across the Ti rows. In a close-packed monolayer, such as that studied here, every molecule has two
nearest neighbors along the Ti row. The molecule will also have nearest neighbors across the Ti row, but
these neighbors can either be on the same sublattice or the opposite sublattice. These configurations will

have different energies. We assume that the adsorption energy E of a close-packed monolayer is given by
Ezz_EO_%y(o-i,i—a+o-i,i+a)’ M

where Eo and y are constants, 0, . is 1 if the molecules + one unit cell in the [1 10] direction are on the

Jjta
same sublattice as the i molecule and otherwise 0, and the sum runs over all adsorbed molecules. The
constant vy is related to the adsorbate grain boundary energy. The energy Egp required to create a grain

boundary in an otherwise perfectly ordered N x N array of molecules is

E_=Ny. @)

GB

As shown by the STM images in Figure 4, the adsorbate grains typically extend for many lattice sites in the
[001] direction. Because of this, we assume the grains are very large in this direction and reduce the model

to one dimension. Within this approximation, our model is equivalent to the one-dimensional Ising model.**

The probability of forming a grain boundary is related to both y and temperature 7. At very high
temperatures (i.e., y << kT, where k is Boltzmann’s constant), the probability P of forming a grain boundary

between any two sites will be 50%. At lower temperatures, this probability will be
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P=0.5¢""" 3)

The probability of finding » grain boundaries in / molecular distances measured across the Ti rows (the

[110] direction) is

Pn[ — Pn(l_P)l—n# . (4)

n!(l-n)!

which gives an average number of grain boundaries in / molecular distances of

<n>l =anfd. (5)

When a system is synthesized isothermally from a disordered state, such as the aqueous solution of
molecules used in this experiment, the state of minimum attainable disorder (in the absence of external
forces) is the thermal equilibrium state. As a result, thermodynamics and the grain boundary energy v [i.e.,
Equation (5)] place a lower limit on the density of grain boundaries (n); observable in our experiment. In
other words, isothermal syntheses with slow kinetics may form monolayers with higher densities of grain
boundaries than predicted by thermodynamics (i.e., more disordered monolayers), but not lower densities

(i.e., more ordered monolayers).

Equation (5) can be used to estimate v, the grain boundary energy, from molecularly resolved STM images.
The average number of grain boundaries per 50 unit cells, {7);,, measured over replicate images of both
isomers, was 1.24 for the meta isomer and 1.30 for the para isomer as shown in Figure 5. Because the
system was synthesized at room temperature (k7= 25.7 meV), the grain boundary energies are estimated

to be 3.00 kT (77 meV) and 2.96 kT (76 meV) or higher.
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Figure 5: Estimated grain boundary energies, y/kT, for m- and p-fluorobenzoate monolayers
on rutile (110) at room temperature compared to DFT simulations using different levels of
approximation. See Supplementary Information for table of results and numerical

comparison.

The magnitude of the grain boundary energy is surprising given the relatively large distance between
adjacent molecules of 6.6 A. To put this energy into context, the calculated binding energy between two
benzene molecules in a face-to-face orientation at this distance is 1.9 meV* (calculated at the MP2 level,
which overestimates dispersion interactions*’). Why is the interaction energy between benzoate molecules

adsorbed to TiO> so much larger?

To obtain further insight, we performed DFT simulations of the structure and energetics of the monolayers.
The binding of benzoic acid derivatives to TiO2(110) is complicated by simple geometry. The distance
between adjacent bidentate binding sites is 5.9 A along the Ti rows ([001] direction), whereas the van der

Waals width of benzene measured “across the flats” is ~6.5 A. As a result, some or all of the aromatic
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groups must be distorted from their preferred planar geometry to form a complete monolayer. To find the

preferred geometry, we investigated a number of isomers as described in the Supplementary Information.

For both para- and meta-fluorobenzoate monolayers, the lowest energy structure had the aromatic group

9

rotated approximately 25° about the surface normal with no “pairing,” as seen in Figure 6. The m-
fluorobenzoate monolayers were ~30 meV/molecule more stable than the corresponding p-fluorobenzoate
monolayers, which we attribute to weak attraction between the nearest-neighbor F and H atoms on adjacent
adsorbates. As discussed later, the equilibrium phenyl rotation angle balances the destabilization from

increased phenyl rotation due to loss of conjugation between the aromatic group and the carboxylate with

the stabilization from increased rotation due to lowered intermolecular repulsion.

Figure 6: Molecular models of the equilibrium structure of m- and p-fluorobenzoate
monolayers obtained from DFT simulations. The structural differences between the

different levels of approximation are very small.

The grain boundary energy y was estimated from DFT simulations using different levels of dispersion-
corrected approximation as summarized in Figure 5 and the Supplementary Information. As described in
Computational Methods, these simulations used two different functionals (PBE and revPBE), three different
levels of dispersion corrections (D3, TS, and MBD@rsSCS), and were performed with and without
Hubbard on-site Coulomb interactions for d electrons. As shown by Figure 5, all of the simulations

underestimated the grain boundary energy by at least a factor of ~3, with one of the most common levels
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of approximation, PBE-D3, underestimating the energy by a factor of 7. To put this into perspective, the
best-performing simulations predict almost an order of magnitude more grain boundaries than

experimentally observed.

To gain further insight into the intermolecular interactions, we also performed simulations of formate
monolayers which have an H atom in place of the phenyl group (Supplementary Information). This
replacement reduced intermolecular interactions modestly, which suggests that the long-range ordering is
not primarily due to the aromatic head group. Consistent with this calculation, previous researchers have
noted the surprising regularity [i.e., (2 x 1) structure] of formate monolayers on rutile (110).**” This same
(2 x 1) structure is also observed in adventitious carboxylate monolayers formed from ppb levels of

carboxylic acids in air.*~>' Ordered carboxylic acid monolayers have been observed on TiO, surfaces

11,12 46,47

prepared in solution'"'? and by vapor deposition in air** and in ultrahigh vacuum,*®*’ which suggests that
the ordering is not a consequence of exposure to air or solution. This inference is further supported by the
nearly identical energetics of the p- and m-fluorobenzoate grain boundaries. Since these molecules expose
different functionalities to the solution, solvent interactions would be expected to affect the two monolayers

differently.

The discrepancy between experiment and simulation has many possible origins. Previous researchers have
suggested that the intermolecular interaction is mediated either by the H atoms adsorbed to the bridging O
rows,*® which are invisible in STM, or long-range strain fields.”” We simulated a number of different
configurations of adsorbed H atoms; however, no significant changes in energy were found. Another
possibility is that long-range dispersion interactions are only treated approximately with current DFT
techniques. Recent research®*® has uncovered a number of systems in which these long-range interactions
are substantially underestimated by current DFT methods. Finally, the Hubbard U parameter is itself an

approximation® which seeks to correct over-delocalization of d electrons in simulations.

To be sure, more accurate DFT simulation techniques are available; however, increased accuracy comes at

a substantial computational price. A recent benchmarking® suggests that significant improvement in
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accuracy would require the use of hybrid functionals, an additional two rungs up the “Jacob’s ladder”
hierarchy. These functionals are prohibitively expensive for the large supercells needed for surface

calculations.

Although not quantitatively accurate, DFT simulations provide insight into the role of fluorine in “breaking”
the 7-m interactions between neighboring adsorbates. Electrostatic potential surfaces for isolated benzoate
and fluorobenzoate molecules bound to TiO,(110) are shown in Figure 7. For all isolated molecules, the
most stable bonding configuration has the plane of the aromatic ring parallel to the Ti rows ([001] direction).
This geometry allows extended conjugation between the aromatic ring and the carboxylate. As a result of
this extended conjugation, the quadrupolar character of the aromatic ring in the most stable bonding

geometry appears to be slightly less than in the isolated molecules, which are shown in Figure 2.

Benzoate m-Fluorobenzoate p-Fluorobenzoate

Parallel

§ H
S )
: |
AE=0.3 AE =0.26 AE =0.30

Figure 7: Electrostatic potential surfaces for isolated benzoate and fluorobenzoate
molecules bound to TiO»(110). The molecules in the top row are in their most stable
bonding configuration with the plane of the aromatic ring parallel to the Ti rows. Molecules
in the bottom row have their aromatic rings rotated by 90° and perpendicular to the Ti rows.

The difference in energy between the two geometries, AE, is given below. The molecular
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structure of benzoate/TiO»(110) is shown at left for comparison. See computational

methods for further description.

The formation of the “paired” benzoate/TiO; structure shown in Figure 1 requires a 90° rotation of half of
the benzoate molecules, so we also investigated the electronic structure of isolated, similarly rotated
molecules on TiO»(110) as shown in the lower row of Figure 7. We refer to this structure as the
“perpendicular” isomer. As shown by Figure 7, the perpendicular isomers were 0.25-0.30 eV less stable
than the corresponding parallel isomers, which can be rationalized in terms of the broken conjugation
between the aromatic ring and the carboxylate. Interestingly, the perpendicular isomer also has much more

quadrupolar character than either the parallel isomer or the corresponding free molecules.

These simulations provide further insight into the chemical origins of the “paired” benzoate isomer on
TiO2(110), seen in Figure 1. This structure was originally rationalized'? by analogy to the ground state of a
square lattice of freely rotating quadrupoles, as both systems adopt a structure in which adjacent molecules
or particles have an edge-to-face orientation. This analogy neglects two competing effects. On the one hand,
the 90° rotation of the aromatic ring comes with a substantial energetic penalty (~10 AT at room
temperature), which will destabilize the tetrameric structure. On the other hand, this rotation appears to
significantly enhance the quadrupolar character of the perpendicular isomer, which should enhance the
stability of the tetrameric structure. As a result, the quantitatively good agreement'? between the predicted
stabilization energy of a quadrupolar array of benzene molecules and the DFT-calculated stabilization
energy of the paired benzoate/TiO»(110) isomer may be attributed to the fortuitous cancellation of these

effects.

Conclusions

STM images of m- or p-fluorobenzoate monolayers on rutile (110) produced in aqueous solutions display
very large (2 x 1) grains without the intermolecular pairing observed in similarly prepared benzoate
monolayers. The lack of pairing is attributed to the electronegative fluorine substituent, which reduces the

7-1 or quadrupolar interactions between the phenyl groups on adjacent molecules and stabilizes a favorable
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configuration between the aromatic head group and the carboxylate binding moiety. In spite of the reduced
interactions between the phenyl groups, the large grain sizes are indicative of strong intermolecular
interaction energies that significantly exceed thermal energy. These strong interactions are surprising given
the 6.6 A separation between adjacent molecules. Quantitative measurements of the interaction energies
from molecularly resolved STM images are a factor of ~7 larger than those predicted by dispersion-
corrected DFT simulations. This finding suggests a new path to the production of highly ordered

monolayers and superstructures of large molecules.
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