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Abstract

The efficiency of dye-sensitized solar cells (DSSCs) is strongly influenced by dye molecule
orientation and interactions with the substrate. Understanding the factors controlling the
surface orientation of sensitizing organic molecules will aid in the improvement of both
traditional DSSCs and other devices that integrate molecular linkers at interfaces. Here, we
describe a general approach to understand relative dye-substrate orientation and provide
analytical expressions predicting orientation. We consider the effects of substrate, solvent,
and protonation state on dye molecule orientation. In the absence of solvent, our model
predicts that most carboxylic acid-functionalized molecules prefer to lie flat (parallel) on
the surface, due to van der Waals interactions, as opposed to the tilted orientation with
respect to the surface that is favored by covalent bonding of the carboxylic acid group to
the substrate. When solvation effects are considered, however, the molecules are predicted
to orient perpendicular to the surface. We extend this approach to help understand and
guide the orientation of Metal-Organic Framework (MOF) thin-film growth on various
metal-oxide substrates. A two-part analytical model is developed based on the results of
DFT calculations and ab initio MD simulations that predicts the binding energy of a
molecule by chemical and dispersion forces on rutile and anatase TiO» surfaces and
quantifies the dye solvation energy for two solvents. The model is in good agreement with
the DFT calculations and enables rapid prediction of dye molecule and MOF linker binding
preference based on the size of the adsorbing molecule, identity of the surface, and the
solvent environment.



I. Introduction

Dye-sensitized solar cells (DSSCs) are a promising type of thin-film solar cells because of
their low cost, flexibility, and processability’. In traditional DSSCs of the type originally reported
by Gritzel,? light-absorbing dye molecules, typically anchored to the surface by carboxylate
groups, inject photo-excited electrons into a semiconductor such as mesoporous titania. The dye
is regenerated via an electrolyte (typically I — I') in contact with a counterelectrode. The first
DSSCs used ruthenium dyes, but since then hundreds of dyes of various types have been
considered,*® including porphyrins,®® phthalocyanines,” push-pull and donor—m—acceptor
molecules,* '° and many other n-type organic dyes.® Several elegant systematic experimental
investigations demonstrate that the orientation and standoff distance of the dye molecule with
respect to the surface strongly affect the device efficiency.> !> Most of these studies focused on
porphyrin dyes, where it has been shown that the functional groups used to bind the dye to TiO:
and their location and orientation on the dye molecule can be used to systematically vary the tilt
angle relative to the surface normal.'? A quantitative relationship between cell performance and
porphyrin tilt angle was demonstrated in the case of Zn-porphyrin, where it was determined that
favorable electron recombination times and charge injection rates are associated with the porphyrin
bound at small tilt angles.'® Indirectly, dye molecule orientation has been correlated with
aggregation, which decreases the light-harvesting efficiency of the cell.* '> A number of these
works employ modifications to dye molecules aimed at controlling orientation and minimizing
aggregation. These add complexity to the dye synthesis, however, and can also complicate the
sensitization process due to changes in dye solubility. The identity of the solvent used in the
sensitizing process is also known to have a strong effect on solar cell efficiency, although the
reasons for this are unclear.'* °

An alternative to using synthetic modifications to control both dye orientation and eliminate
aggregation is to lock the dye into a crystalline structure. One such approach is to pair DSSCs with
metal-organic frameworks (MOFs). MOFs are ordered nanoporous 3D coordination polymers
composed of an inorganic part, an ion or cluster, coordinated by organic linkers. MOFs can be
utilized in DSSCs in two different ways: 1) as the dye itself or 2) to house dye molecules. In the
first case, the MOF linkers, organic building blocks, can be designed to harvest light'® and in the
second case, the nature of the MOF framework can prevent the linkers and dyes from aggregating
by isolating traditional dye molecules within their pores; this will effectively impose order
throughout the device!’'®. Whether the device is of the conventional Gritzel type or is sensitized
by employing MOFs (MSSC), the orientation in which the sensitizing molecules interact with the
substrate will influence the device performance. Moreover, the preferred linker orientation will
govern the MOF orientation on the substrate during a step-by-step growth process or atomic layer
deposition;' this is also of critical importance for the use of MOFs in other electronic device
applications, which is an active area of research®”. These factors have important implications for
the band alignment between the dye molecules or MOF and the substrate (e.g. TiO2), which are
critical to the operation of traditional DSSCs. '



Dye molecules?! and MOF linkers'” are often attached to surfaces by carboxylic acid groups
that stabilize the molecule on the surface, improve the efficiency of charge injection from the light-
harvesting molecule into the substrate, and for MOFs, establish the film growth direction. These
molecules typically also contain a conjugated planar ring system. When bound to a surface by the
anchoring -COOH groups, a dye molecule or MOF linker can either be oriented so that the ring
system is at an acute angle with respect to the surface normal (more-or-less perpendicular to the
surface) or parallel to the surface. A near-perpendicular orientation is driven by chemical binding
of the carboxylate group to the surface, while a parallel orientation results when van der Waals
(dispersion) forces dominate. Both molecular dynamics (MD) simulations and density functional
theory (DFT) have been used extensively to predict the orientation of species on surfaces ranging
from alkane thiols**?* and silanes?*?® used to form self-assembled monolayers, to conjugated
2728 jonic liquids,” polymers,®® rotaxanes,®’ and carbon nanotubes.*’
Surprisingly, only a few studies of dye molecule binding on TiO> surfaces have been reported.*

organic molecules,

33 Although these investigations provide considerable fundamental insight, evaluating new
systems quickly is difficult, as a large number of computationally-expensive calculations involving
systems as large as 10° atoms is necessary. Experimental determination of surface orientation is
not straightforward either and involves techniques for which considerable data interpretation is
required. Consequently, whether a typical sensitization process using a molecular dye is used or
an unconventional approach such as a MOF, it is clear that gaining an ability to quickly predict the
orientation of molecules bound to the semiconductor surface would be valuable for both design of
new sensitizers and optimization of cell performance.

In this report, we describe DFT calculations and ab initio MD simulations carried out to
quantify the effects of solvent, substrate, and protonation state (pH) on the preferred binding
mode of organic molecules on TiO;. Based on these calculations, we developed an analytical
model that predicts dye orientation as a function of molecular structure and solvent and yields
insight into the interplay of forces that determine binding orientation.

I1. Methods
I1.a. Theoretical Approach

We expect that a molecule will bind perpendicularly on a surface if the following
condition is true:
AE
2

AE oy + DEgy, < AE, + —solv (1)

For ease of understanding, AE ., refers to the binding energy associated with the

perp
adsorption mode where the molecule is bound covalently and orients roughly perpendicular to
the surface, while AE . refers to the case where the molecule is adsorbed in a dispersion-

dominated parallel orientation. AE,}, is the solvation energy for a molecule in a specific solvent.



Therefore, the left-hand side of the above inequality is the total energy associated with
perpendicular binding and the right side is the total energy associated with parallel binding,
because parallel binding exposes only half of the molecule to the solvent.

In our approach, we first computed AE . values for twelve polycyclic aromatic

par
hydrocarbons (PAHs) of varying sizes with respect to the rutile 110 and anatase 101 TiO»
surfaces using density-functional theory. The range of sizes within the training set also allows
the size dependence of the dispersion component of the binding energy to be determined. These
energies were then fit to a model that predicts the magnitude of the dispersion interaction when

the molecule is parallel to the substrate. The energies computed for dispersion-dominated
binding were compared to those for perpendicular binding of benzoic acid (AE perp)> Which

allows binding to be partitioned into dispersion and chemical components. This partitioning
helps determine if there exists a size threshold above which an adsorbate would prefer to bind
parallel to the surface when it contains a carboxylic acid group. Solvent effects were considered

since fabrication of such devices occurs in solution. The solvation energy (AE,,,,) was estimated
for each PAH in acetonitrile and in water to quantify each adsorbate’s affinity to each solvent,
since an adsorbate’s affinity for the solvent used in device fabrication could influence the
binding orientation. The presence of solvent also affects the protonation state of the adsorbate.

In our calculations, AE,), is computed as a mean with an associated standard deviation. For this
reason, in Expression 1 above, both sides of the inequality have a standard deviation. The
rearranged inequality, shown in Expression 2 below, therefore has error on only one side of the
inequality. For this reason, it can be more convenient to express this condition in terms of
Expression 1 or Expression 2 in order to treat both sides of the inequality consistently
(Expression 1) or minimize error (Expression 2).

AE
AE +%1V<AE

perp par (2)

Additionally, studies of CO binding to TiO; predict that hydroxylate surface influences
the binding.** Therefore, binding energies of pyridine, benzoic acid, and several PAHs on the
hydroxylated anatase 101 surface were computed to compare binding modes on pristine vs.
hydroxylated surfaces. Finally, the binding energies of benzoic acid and benzene to TiO, were
compared with those predicted for two commonly-used MOF substrates, alumina and silica
surfaces, to examine the surface dependence of linker binding orientation.

I1.b. Computational methods

All electronic structure calculations and ab initio Molecular Dynamics (AIMD)
simulations were performed using the Vienna Ab initio Simulation Package®~* (VASP) within
the generalized-gradient approximation using a plane-wave cutoff energy of 400eV. The PWI1
exchange-correlation functional’**° was used, as it has been successful in modeling similar



systems*!. Because van der Waals interactions are important here, Grimme’s empirical dispersion
correction (D2) was incorporated*?; this method will henceforth be referred to as PW91-D. For the
titanium atoms, a pseudopotential was used that treats the semicore p states as valence; for all other
atoms, soft pseudopotentials were used****. The (110) surface ofrutile and (101) surface of anatase
were chosen for this study because they are the lowest energy surfaces of each of the most common
titania polymorphs.***¢ Each surface was cleaved from the corresponding optimized bulk and
consists of three TiO, layers. The dimensions of the anatase and rutile surfaces were (21.35 A x
29.45 A) and (21.17 A x 26.56 A), respectively; the anatase surface consists of 192 titanium atoms
and 384 oxygen atoms, and the rutile surface consists of 168 titanium atoms and 336 oxygen atoms.
About 30 A of vacuum space was included in each slab calculation. For computational efficiency,
calculations were carried out at only the gamma point in k-space. Geometry optimizations were
converged to 0.05eV/A using the conjugate gradient optimization algorithm. For all surface
calculations, the atoms in the bottom TiO> layer were frozen to bulk positions while all other
atomic positions were optimized.

Binding energies for the dispersion-dominated binding mode, BE},,, were computed
using the equation below for each molecule on each of the semiconducting substrates.

AE . =E

par surface+adsorbate

- Eadsorbate - Esurface (3)

Binding energies for the covalent binding mode, BE,erp,

consideration of the placement of the acid proton, using an analogous equation:

were computed, after

AEperp = Lsurface+adsorbate — Eadsorbate - Esurface (4)

For solvent modeling, a number of solvent molecules, consistent with the experimental
density, and one adsorbate molecule were arranged in a cubic cell with an edge length of 15A. For
this construction we used Packmol*’ within the Virtual NanoLab suite of builders. AIMD
simulations were run at 300K using VASP with the PW91-D functional. All atoms, including
hydrogens, were described explicitly. An integration time step of 1 fs was employed and the total
length of the run was 10 ps.

To compute the intermolecular interaction energies between various PAHs and solvent

molecules, snapshots were taken every 2 ps from which the solvation energy (AE,,,) was
approximated as follows:

AE =E —E - Esolvent (5)

solv solvent+adsorbate adsorbate

where the energies were calculated with single point PW91-D calculations. The 2 ps interval
allows for independence among sampling events, since all vibrations with frequencies greater than
17 cm™ will undergo at least one complete oscillation during this period. The solvation energies



reported in the Results section are the averages of the values from those five snapshots, along with
their standard deviations.

I11. Results

IIl.a. DFT and AIMD Results
Ila.l1. Dispersion binding

As discussed in the introduction, the molecular orientation is the result of a competition
between dispersion and covalent binding to the surface. To determine effect of dispersion in the
absence of covalent binding, the adsorption energies of twelve conjugated molecules of increasing
size on the anatase 110 and rutile 110 surfaces were computed. The structures of these adsorbates,
which are listed in Table 1, are shown in Figure S-1 of the Supplemental Information. This training
set was selected because it covers the range of molecular areas typical of dye molecules and MOF
linkers and therefore allows for the examination of dispersion binding among molecules without a
carboxylic acid group. An adsorbate may explore a large configurational space when it binds to a
surface. Typically, these adsorbates bind in such a way that the plane of the molecule is parallel to
the plane of the surface (i.e. normal to the surface vector). Additionally, we note the presence of a
“nestled” binding mode that is a result of the anatase 101 surface being corrugated instead of
perfectly flat; this mode is preferred when more than half of the molecule can nestle, as shown in
Figure 1.

Figure 1. Nestled (left) and non-nestled (center) mode of benzene on the anatase 101 surface; benzene on rutile 110
(right).

The likelihood of nestling depends on the size and area of the adsorbing molecule relative to the
corrugation length scale. On anatase 101, if the number of rings that protrude from the surface is
less than or equal to the number that can nestle, the adsorbate will nestle. Note that some molecules
will only prefer to nestle in the orientations that maximize the number of atoms close to the surface.
The largest adsorbates in the training set, ovalene and circumcoronene, are the least likely to nestle,
since many more rings will protrude from the surface than will nestle. Consequently, large dyes
and MOF building blocks are unlikely to nestle into the surface due to size.



Table 1. Gas phase binding energies of the molecular training set on the rutile 110 and anatase 101 surfaces. N/A
indicates that the molecule is too big or otherwise very unlikely to nestle.

No. aromatic AEpar (eV)

rings Rutile Anatase Anatase Nestled
benzene 1 -2.49 -0.89 -0.99
naphthalene 2 -2.73 -1.23 -1.50
anthracene 3 -3.02 -1.32 -1.79
phenanthrene 3 -2.83 -1.53 -1.83
tetracene 4 -3.78 -1.51 -2.13
pyrene 4 -2.75 -1.43 -1.75
chrysene 4 -3.13 -2.10 -1.81
pentacene 5 -3.30 -2.25 -2.48
benzo[a]pyrene 5 -3.20 -1.78 -1.87
coronene 7 -2.63 -2.29 -2.15
ovalene 10 -3.95 -2.73 N/A
circumcoronene 19 -4.86 -3.30 N/A

III.a.2. Chemical binding
Ill.a.2.1 Treatment of Acid Proton

Dye molecules and MOF linkers need to be able to anchor to the TiO; surface to facilitate
charge injection*®. The preferred binding mode for carboxylic-acid-containing adsorbates on these
substrates has been much discussed in the literature**-? and there is debate over whether the acid
group will be protonated or deprotonated upon adsorption. The incorporation of solvation effects
(or lack thereof) and differences between cluster and periodic approaches taken in prior modeling
studies make comparing published results difficult>’. A more comprehensive approach is taken
here that considers protonation state and solvation of both the adsorbate and proton. To investigate
the binding mode of a carboxylic-acid-containing adsorbate on anatase 101, binding energies were
computed for each of several probable orientations of benzoic acid on this surface. This molecule
is used as a reference since it is likely that other carboxylated molecules will have a similar
adsorption energy to that of benzoic acid when they bind to the surface in a perpendicular
orientation, as previously reported.® As a simple initial approximation, gas-phase protonated
benzoic acid was modeled in perpendicular and parallel orientations onto the anatase surface.
These results were compared to two analogous calculations for dissociated benzoic acid where the
acid proton is adsorbed onto a nearby surface oxygen. Comparing the binding energies of these
four calculations suggests that the protonated benzoic acid binds more strongly than the
deprotonated benzoic acid by 0.38 eV. (See Table S-1 of the Supporting Information.)

This prediction is surprising because many experimental results suggest that these
adsorbates tend to deprotonate upon adsorption*® >+ 3% 62 Tt is therefore likely that solvation effects



must be included in order to capture the tendency of the adsorbate to deprotonate. To investigate
this possibility, in subsequent calculations the acid proton was solvated by a small cluster of 1-3
water molecules. To determine the appropriate number of solvating water molecules, convergence
was tested by computing binding energies with the acid proton solvated by one, two, and three
water molecules. The results are shown in Figure S-2. Solvation of the acid proton by two water
molecules to form the Ziindel ion, (HsO>") makes the binding of the deprotonated adsorbate 1.75
eV stronger than the protonated adsorbate, which is in agreement with the literature.*®>* 3% 62 We
conclude that the theoretically-predicted binding energy value of such an adsorbate is dependent
upon the treatment of the proton on the carboxylic acid, and that proton solvation changes benzoic
acid’s strongest adsorption mode from protonated to deprotonated. Consequently, binding energies
of all carboxylic-acid-containing adsorbates in the remainder of this study were computed by
considering the adsorbate to be deprotonated with its proton solvated by two water molecules; this
is because the structure of the Ziindel ion is well-known and energetic convergence with respect
to the number of solvating water molecules is nearly reached at two molecules. The energy
contribution from proton solvation was computed by taking the average difference between the
binding energies of the unsolvated-proton system and dimer-solvated-proton system, which is -
2.14 eV (See Table S-1).

Ill.a.2.2. COO-Ti Binding

For an adsorbate functionalized with a carboxylic acid group on both the rutile 110 and
anatase 101 surfaces, we find that the most stable binding mode is bidentate bridging,>* ¢! as shown
in Figure 3. As mentioned above, the acid proton is solvated by two water molecules. The binding
energies of benzoate on the rutile and anatase surfaces, -5.32 and -3.30 eV, respectively, are much
stronger than those produced purely by dispersion in Table 1 due to the formation of Ti-benzoate
bonds and the stabilizing effect of the water dimer-proton interaction. Therefore, it is necessary to
remove the energetic contribution of the proton solvation (computed above to be -2.14 eV) to

determine the energy due only to the Ti-benzoate bonds, yielding AE¢.p, values of -3.19 eV for
benzoic acid adsorption on rutile and -1.16 €V for anatase. By comparing the AE,, values for the
PAH species listed in Table 1 to those above for benzoate, we predict that carboxylic acid-
containing adsorbates on these surfaces will bind perpendicularly via the acid group unless their
size is greater than two aromatic rings on anatase 101 and >4 aromatic rings on rutile 110. For
larger adsorbates, dispersion forces dominate and it becomes energetically favorable to bind in a
parallel orientation.
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Figure 3. Binding modes for benzoate on the rutile 110 (left) and anatase 101 (right) surfaces with the proton
solvated by two water molecules.

IIl.a.3. Solvation energy

In contrast to the conclusion of the preceding section, there appears to be a general
assumption in the literature that even large carboxylic acid-containing dye molecules (=2 aromatic
rings) bind in a nearly-perpendicular orientation on the TiO: surface®. This discrepancy is likely
due to the lack of incorporation of the solvation energy in the calculations reported above (not to
be confused with the proton-solvation-energy, which is calculated above.) Dye adsorption onto
mesoporous anatase for DSSCs and film growth for MOFs occurs in solution, so the gas-phase
representation in Figure 3 is not an accurate depiction of the chemical environment during the
staining or growth process. When an adsorbate binds perpendicularly, the entire molecule is
exposed to the solvent, whereas for physisorption, only half of the molecule is solvated. Therefore,
if an adsorbate is relatively stable in the solvent - for example, if one considers a polar solvent and
an adsorbate with a net dipole moment - a perpendicular binding mode is more likely®®. This
affinity of the molecule for the solvent can be quantified by estimating the solvation energy. The
solvation energy for each PAH in acetonitrile and water was estimated as described in the
Computational Methods section. The results are listed in Table 2 along with their associated
standard deviations; the unsolvated (gas phase) surface binding energies are included for
comparison. (See also Table 1.)



Table 2. Estimations of solvation energy for each PAH in acetonitrile and in water. These energies are reported as
the average of 5 structures extracted from MD simulations. Gas-phase binding energies for each TiO; surface are
included for comparison.

Average Solvation Energy (eV) Gas phzsfe;;lrnzien\lg enetey

Acetonitrile Water Rutile Anatase
benzene -0.80+0.13 -0.97+0.11 -2.49 -0.99
naphthalene -1.17+0.09 -1.32+0.16 -2.73 -1.50
anthracene -1.74 £ 0.15 -2.05+0.15 -3.02 -1.79
phenanthrene -1.74 £ 0.23 -1.97+0.23 -2.83 -1.83
tetracene -2.11+0.11 -2.34+0.09 -3.78 -2.13
pyrene -2.06 +£0.20 -2.40+£0.25 -2.75 -1.75
chrysene -1.81+0.35 -2.12+0.22 -3.13 -2.10
pentacene -2.61 £0.18 -3.02+0.33 -3.30 -2.48
benzo[a]pyrene -2.28+0.11 -2.61+£0.16 -3.20 -1.87
coronene -2.53+£0.08 -2.84+0.22 -2.63 -2.29
ovalene -3.28+0.24 -3.63 +£0.03 -3.95 -2.73
circumcoronene | -4.80+ 0.21 -5.41+£0.28 -4.86 -3.30

The parallel binding energy is considered to be that of the corresponding purely-aromatic molecule

from the training set, while the perpendicular binding energy is considered to be equal to that of
benzoic acid for all cases. For each adsorbate, there are four possible substrate/solvent

combinations.

The specific case of benzene/benzoate is a reasonable model for all systems of one ring. The values
for each half of the inequality presented in Expression 1, corresponding to each substrate/solvent
combination, are shown in Table 3.

Table 3. Binding Energies for benzoate (perpendicular) and benzene (parallel), computed using expression 2.

Total Binding Energy (eV)

Perpendicular Binding Parallel Binding
Anatase/Acetonitrile -1.96 £ 0.13 -1.39+£0.07
Anatase/Water -2.13+£0.11 -1.48 £ 0.06
Rutile/Acetonitrile -3.99+0.13 -2.89 £0.07
Rutile/Water -4.16 £0.11 -2.98 £0.06

In the absence of uncertainty, perpendicular binding is preferred in each of the four
scenarios. Since the solvation energies, and therefore the total energies, do have associated

errors, the left- and right-hand sides of the above inequality are each considered a mean (p) of a
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distribution, (assumed normal) with an associated standard deviation, . The difference between
the distributions is a distribution with an associated mean, pgifr, and standard deviation, caifr. The
values for pgitr and ogirwere used to compute the probability that the binding mode is the
opposite from that which the means have predicted. (See Equation S-1 of the Supplemental
Information for more detail.) Note that it is more convenient to use the inequality as represented
in Expression 1 because both sides incorporate solvent and therefore have associated standard
deviations. These probabilities were computed for all 48 adsorbate/solvent/surface combinations;
they are shown in Table S-2 in the Supplemental Information. Most confidence values are
greater than 80%. For the cases of adsorbates of one aromatic ring in each of the four cases
described in Table 3, the means can be trusted with essentially 100% confidence.

IIL.b. Modeling results

1IL.b.1. Dispersion binding modeling

We fit the adsorption energies in Table 1 to an analytical model that allows the binding energy of
adsorbates on a dry (i.e. solvent-free) TiO, surface to be estimated for other molecules. The
binding energies of the 12 molecules were fit to a two-term equation of the following form:

AEpar = €=+ Cy (6)

where C,, are constants specific to the TiO2 polymorph, # is the total number of atoms in the
adsorbate, and r is the average distance between an atom in the adsorbate and the plane of the
surface. The plane of each surface is considered to be that defined by the outermost layer of
atoms excluding the terminating bridging oxygen atoms in each case. Note that anatase binding
energies were taken to be the most negative of those of the nestled and non-nestled modes.

C; and C, were first computed for each case by minimizing the sums of squares of the residuals.
From this equation, C, was kept constant but multiplied by a sigmoidal function such that its
contribution goes to zero at large r, which makes the equation more physically realistic and leads
to the function,

n 1
AEpar = €1+ C; (m) ’ @

where C; and C, were kept constant from the first fitting and C5 and C, were computed by again
minimizing the sums of squares of the residuals. These values are shown in Table 4 below.

Table 4. Coefficients that minimize the sums of squares of the residuals along with the root mean square error of the
predicted values for the parallel-binding-energy model for each substrate.

Anatase Rutile
C; (eV-A®atom) -0.127 -0.142
C:(eV) -0.763 -1.915
Cs 8.211 7.635
Cy -12.457 -8.550

11



| RMSE (eV) | 0.156 0.279

IIL.b.2. Solvation energy modeling

To incorporate solvation effects into the model, the solvation energies of the 12 molecules in
each solvent, shown in Table 2, were fit to a two-term equation of the following form:

AEsolv =Y1in + Y2 (8)

Where 7 is the number of atoms of all types in the adsorbate and y; and y, are fitting parameters.
Each solvent was fit with a unique set of constants, shown in Table 5, that minimize the sums of
squares of the residuals for that data set.

Table 5. Coefficients that minimize the sums of squares of the residuals for the solvation energy expressions.

Acetonitrile Water
v: (eV/atom) -0.0672 -0.0745
v> (eV) -0.0814 -0.1596
RMSE (eV) 0.1845 0.2048

The model was tested by revisiting the inequality in Expression 2 and substituting the solvation
energy and the dispersion binding expressions. It is more convenient here to use the inequality
presented in Expression 2 since now each side has an error that is due to the RMSE values
presented in Tables 4 and 5; using Expression 1 would introduce more error into each half of the
inequality.

BEperp + 2522 < €2+ G () ©)

2 1+e(C3(Ca+1)

The results generated with the model presented in Equation 9 were compared to those generated
from the results of the electronic structure calculations. The results of this comparison are
summarized in Table S-3 of the Supplemental Information. In all but three cases (chrysene,
pentacene, and circumcoronene on anatase in acetonitrile), the model prediction is consistent with
the DFT and MD results; for those three cases, the statistical confidence in the DFT and MD result
is quite low, rendering the disagreement of little significance. The model offers a way to rapidly
compute the probable binding mode of an adsorbate in certain solvent/substrate conditions given
the number of atoms in the adsorbate and the average r value from the dataset, which are 3.11 A
and 3.50 A for anatase and rutile, respectively. The main advantage of the model over the results
of the calculations is that the model gives new insight into the factors that favor parallel or
perpendicular binding. For acetonitrile/anatase, the point at which the orientational preference
changes is predicted to be around 62 atoms; for water/anatase, this point is around 138 atoms. On
rutile, this occurs for adsorbates over 192 atoms in size in acetonitrile and 421 atoms in size in
water. Although the molecule size and number of atoms is going to be molecule-dependent,
ultimately, using water as a solvent instead of acetonitrile will increase the size threshold for
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orientational switching to molecules with twice as many atoms; similarly, using rutile instead of
anatase will allow this size threshold to increase by three times. These results, shown in Figure 4,
show the point of intersection between the parallel and perpendicular binding energy in terms of
size of the adsorbate; this point can be engineered by appropriate selection of surface or solvent.

a) Molecular size (atoms) b) Molecular size (atoms)
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Figure 4. Graphs depicting the competition between solvent and substrate on the preferred binding mode of a dye molecule
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IIl.c. Saturating the TiO: surfaces
IIl.c.1. The effect of OH groups on anchor binding

Both titanium dioxide surfaces function as Lewis acids®®® due to the presence of the five-
coordinated Ti atoms at the surface. As a result, exposed unsaturated metal centers are unlikely®’
and it is plausible that the five-coordinated Ti atoms are commonly saturated with OH groups.
Therefore, in order for binding to occur, the adsorbate must displace one or more OH groups in
order to bind to a surface-exposed Ti atom. Common MOF linkers can have pyridal instead of
carboxyl anchors, so for this portion of the study, both benzoic acid and pyridine were considered.
To investigate -OH displacement, the binding energies of pyridine and benzoic acid to the OH-
terminated anatase 101 surface were computed. Because benzoic acid binds as an anion in a
bidentate bridging configuration, but not pyridine. To compare the two, a model was used where
the bound adsorbate and three water molecules are generated in each case, with the one or two
desorbed OH groups being charge-balanced by hydronium or the Ziindel ion. The reaction schemes
and optimized structures are depicted in Figs. 4 and 5. The bound benzoic acid case is more stable
by 6.41 eV compared to the unbound case, and the bound pyridine case is about 4.00 eV more
stable. This supports the use of carboxylic-acid-containing adsorbates as anchors in DSSCs, which
reportedly bind more strongly than pyridines due to their preferences for different sites on TiO,"°

and offer relatively efficient electron injection®> 7!
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C¢HsCOOH + H30* + (OH™),Surface » CcHsCOO~ — Surface + 3H,

Figure 5. Bidentate binding of benzoic acid to the OH-terminated anatase 101 surface. The image at left depicts
before binding, while right depicts after.
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Figure 6. Binding of pyridine to the OH-terminated anatase 101 surface. The image at left depicts before
binding, while right depicts after.

To determine how the presence of OH groups affects the results presented above, the
PAH/OH-terminated surface binding energies were computed at the PW91-D level. It was
determined, however, that the OH groups drastically inhibit the binding of the purely aromatic
adsorbates (parallel binding mode), with the adsorbate removing the OH groups or breaking apart
under the influence of these groups. This finding is consistent with the fact that TiO> is used in
water purification as an agent to break down organic molecules’.

II1.c.2. Substrate effect on linker orientation

It is known that MOF-growth is more favorable on some surfaces than others’. To
investigate the possible effect of choice of substrate on linker orientation, binding energies for
benzene and benzoic acid adsorbed on the 0001 surfaces of quartz SiO; and alumina were
computed for comparison. The benzoic acid binding energies were computed by taking into
account the proton-solvation-energies for water as discussed in the Treatment of Acid Proton
section above. Both surfaces were considered to be pristine (i.e. not hydroxylated nor hydrated).
The results for the alumina and silica surfaces are presented below in Table 7, along with those of
TiO; for comparison. The relative strengths of binding may be related to the coordination of the
surface metal atoms for each surface.

Table 7. Comparison of dispersion and coordinate-covalent binding for different oxide surfaces.

Binding Energy (eV)
Benzene Benzoic Acid
Alumina -1.20 -2.24
Silica -1.14 -4.10
Rutile -2.49 -5.32
Anatase -0.99 -3.30
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The binding energies computed for benzene and benzoic acid on alumina suggest that the
perpendicular binding mode where the proton is adsorbed onto a nearby surface oxygen is more
favorable on alumina than it is for TiO (see Treatment of Acid Proton section), so only unsolvated
binding energies are reported. This is indictive of strong proton-surface-oxygen interactions’. To
consider relative strengths of parallel and perpendicular binding on each surface, one must
consider the difference between the parallel and perpendicular binding modes. This is smallest for
alumina, which suggests that dispersion binding is more favorable over perpendicular binding for
smaller adsorbates on alumina than it is for their interactions with anatase and rutile.

For silica, the difference in energy between the parallel and perpendicular modes of binding
is the largest (~3 eV); this suggests that carboxylic acid based adsorbates will more heavily favor
perpendicular binding on silica than the other surfaces considered. This preference is predicted to
be even more pronounced when solvation energy is considered, since the solvation energy will
sum with the native perpendicular binding energy in order to further promote the perpendicular
orientation. This result can be rationalized by the observation that the surface silicon atoms are
more electron-deficient (according to the computation of the Pauling charge”) than the other
surface metal atoms considered. See Figure S-3 of the Supplemental Information for the structures
of the perpendicular binding orientations on silica and alumina.

IV. Discussion

IV.a. Implications for device construction and MOF growth

Our analysis suggests that the following factors influence an adsorbate’s preferred surface
orientation in a DSSC or the growth direction in MOF thin-films: the identity of the substrate
surface, the solvent that is used during fabrication, and the molecule’s protonation state. The
discussion below is comprised of three subsections: Substrate, Solvent and Model Implementation.
Within the first two sections we will discuss the main role of these components and how they can
be used to direct orientation. In addition, the effect of the protonation state, which is coupled to
the choice of substrate and solvent, will be discussed within those sections. In the final subsection
we discuss the potential implementations of our empirical model and how it can be used to estimate
an adsorbate’s surface orientation.

1V.a.1. Substrate

The strength of the adsorbate-surface interaction depends on the chemical composition,
ability to covalently bond (anchor), surface topology and protonation state. Of the surfaces studied,
the rutile polymorph of TiO», and quartz SiO», yield the highest probability of perpendicular
binding for carboxylic acid based adsorbates. Additionally, when the TiO- surface is exposed to
air or in solution, the lack of unsaturated Ti atoms further sways the adsorbate away from
anchoring in a perpendicular fashion. On the other hand, substrates like alumina could possibly
benefit from first being hydroxylated, since adsorbate-binding to the bare surface was found to be
less favorable than for other substrates. Another important consideration is protonation state of the
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adsorbate. In some environments, the proton, from the adsorbate, is favored to bond to a surface
oxygen of the substrate over being solvated (e.g. forming a Ziindel ion). For titania, the preference
for perpendicular binding only occurs when the acid proton is solvated, however, for alumina, the
perpendicular binding mode is preferred no matter the treatment of the acid proton. These results
demonstrate how one might direct MOF growth direction and dye molecule orientation in DSSCs
by choice of substrate.

1V.a.2. Solvent

A solvent that is used during DSSC fabrication and MOF growth needs to have a relatively
high affinity for the adsorbate of interest. Since we are mainly interested in a solvent that will
dissolve the adsorbate, this affinity can be discussed in terms of the dielectric constant of the
solvent and dipole moment of the molecule. It should be noted that both acetonitrile and water tend
to be sufficient solvents for MOF growth since, according to our results, they both promote
perpendicular binding for small to modest size molecules. Water, with its stronger solvation
energies compared to those of acetonitrile, appears to be slightly preferred, perhaps due to the
higher number density at room temperature, meaning more water molecules are able to surround
the adsorbate than acetonitrile molecules. In addition to solvent/adsorbate affinity (solvation
energy), it has been determined that solvent classification is also important for device performance.
Aprotic solvents are thought to promote high efficiency of such devices (see Reference 76 and the
references therein), especially acetonitrile because of its high dielectric constant and its ability to
dissolve both inorganic and organic compounds. Conversely, protic solvents like water have been
associated with decreased electron-injection efficiency and durability of devices.”® Since aprotic
solvents have been shown to implicate better device performance, perhaps an aprotic solvent with
a higher number density than acetonitrile will better promote perpendicular binding while
maintaining high efficiency. As noted above, for some surfaces, a molecule will bind
perpendicularly if the acid proton is solvated. To promote proton solvation, a strong base should
be added to the solvent during fabrication. These results demonstrate the importance of solvent
and protonation state and how orientation is influenced by these factors.

IV.b. Model Implementation

The aim of the empirical model is to be able to predict binding preference by solely
considering the number of atoms in the adsorbate and the desired substrate/solvent combination,
using the inequality in expression 11. All of the molecules used for parameterization are planar;
therefore, the model is best suited for planar, highly conjugated, organic molecules, however, we
could plausibly expand the utility to make predictions about molecules that are nonplanar. For
planar molecules, » is the total number of atoms in the adsorbate, except those belonging to the
carboxylic acid group; this number is considered to be the same for both sides of the inequality. If
the molecule has large non-planar aspects, the atom count on the right-hand side of the inequality
could be adjusted to avoid counting atoms that cannot interact with the surface owing to geometric
considerations. The model might be similarly altered to account for an adsorbate that contains
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more than one carboxylic acid group; in that case, the first term in the equality should be multiplied
by the number of carboxylic acid groups that can interact with the surface.

For example, this model predicts that a benzene-1,3,5-tricarboxylate (BTC) sensitizer will
bind perpendicularly to an anatase or a rutile surface; using a value of 6 for n, on anatase, the
model predicts that the perpendicular mode is preferred by 0.40eV in acetonitrile and 0.46eV in
water. On rutile, the perpendicular mode is predicted to be favored by 1.28eV in acetonitrile and
1.34eV in water. Experimental results show that the HKUST-1 MOF grows mainly in a (111)
orientation relative to each a silica and alumina substrate’’. The (111) plane of this MOF features
the BTC linkers oriented perpendicular to the surface, which is in agreement with the model. Given
the relative strengths of the titania, silica, and alumina binding, we believe that the same orientation
will result if the HKUST-1 MOF were grown on a titania surface. This demonstrates how the
models developed for anatase and rutile can be extrapolated to predict growth on silica and
alumina.

V. Conclusion

An empirical analytic model has been developed to screen possible sensitizing and MOF
linker molecules based on their preferred binding orientation on different metal-oxide substrates
and in different solutions. The model is based on fitting free parameters in physically-motivated
terms using the results of first-principles electronic structure calculations and MD simulations. It
reveals how a competition between surface binding and solvation energies determines binding
orientation, and how these factors vary with molecular size and degree of protonation. Insight
into the sensitization and MOF film-growth process can be gained by use of this model.
Specifically, it can reveal how the direction and orientation of MOF film growth might be
modified by altering the substrate, solvent, and protonation state during fabrication. Primarily, an
appropriate solvent/substrate pair may be selected to promote perpendicular or parallel binding
for the adsorbate of interest (see Figure 4). It is noted that smaller molecules are more likely to
bind in a perpendicular orientation under all solvent/substrate conditions, due to minimal van der
Waals interactions. Finally, presented here is a novel approach for controlling the orientation of
dye molecules and MOF building blocks on semiconducting surfaces. The data suggest that the
solvent and substrate employed in the construction of a DSSC or MSSC can be used to achieve a
particular orientation. Our model is straightforward to use and provides a practical tool for
screening new sensitizers, predicting aggregation, and identifying appropriate solvents. It can
also be used to predict MOF growth direction, which extends its value beyond DSSC to
applications such as membranes, sensors, and other electronic devices.
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