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ABSTRACT: Catechol on TiO, is a model system for a class of molecules that bind and interact
very strongly with metal oxides. This interaction gives rise to a marked charge-transfer absorption
band that can be used to sensitize the complex to visible light. In solar cells, these are called type II
sensitizers in contrast with type I sensitizers where an excitation of the molecule with subsequent
charge injection is the main mechanism for placing an electron in the conduction band of the
semiconductor. The adsorption geometry of these molecules is critical in their functioning. Nuclear
magnetic resonance (NMR) spectroscopic methods can be used to elucidate structural information
about the local geometry at the substrate—molecule interface. NMR methods coupled with density
functional theory (DFT) allow for the detailed characterization of molecular binding modes. In the
present work, we report a solid-state NMR and DFT study of catechol on TiO,. DFT-GIPAW
chemical shift predictions for the *C CP-MAS experiments unambiguously indicate the presence
of a chelated geometry. 'H — "*C cross-polarization build-up kinetics were used to determine the
protonation state of additional geometries and point toward the presence of molecular species. The
most stable adsorption modes on regular slab models were found to be bidentate, and it is only in

the presence of defective surfaces where the chelated mode is stabilized in the presence of undercoordinated titanium surface
sites. The combined NMR and DFT approach thus allows characterization of the binding geometry, which is a stepping stone in
the design of more complex light-harvesting architectures. This work constitutes, to the best of our knowledge, the first detailed

instance of combined solid-state NMR and DFT studies on this class of materials.

B INTRODUCTION

Functionalized semiconductors are at the forefront of solar
energy research due to their robustness, low cost, and
versatility.' The high surface area and multiple anchoring
sites make functionalization with different ligands straightfor-
ward. The abundance of ligand—semiconductor combinations
opens pathways to improve dye-sensitized solar cells.
Sensitizers fall into two categories: type I which inject charge
into the semiconductor via their excited state, and type II,
which inject charge directly into the semiconductor from their
ground state” (see Figure 1). While a number of very
sophisticated chromophores and charge stabilization schemes
in type I sensitizers have been made and remain a very active
topic of research,”” small molecule functionalization (type II
sensitizers) has shown tremendous versatility, making its way
into é)hotovoltaic cells,” photoelectrochemical water splittin
cells, photoreduction,7 electronic devices,® and sensors.
Because of the simplicity of the sensitizers used, it has also
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provided insight into fundamental interfacial phenomena
notably the surface enhanced Raman scattering effect on
semiconductors'® and the role of vibrations in efficient charge
transfer across the interface.'' They are interesting due to their
ease of synthesis and low cost. We note that the two pathways,
type I and type II, also correspond to the two pathways present
in Fano systems which have received renewed attention in
nanostructures.' '

Efficient injection and slow recombination depend critically
on the molecule—semiconductor junction, characterized by the
electronic coupling, which is very sensitive to the adsorption
geometry.”"*™'® Thus, a specific understanding of preferred
binding configurations is a necessary step to model and
improve such materials. Catechol on TiO, is one of the most
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Figure 1. Energy diagram of an adsorbed molecule on a semi-
conductor. Two possible excitation pathways are possible: excitation to
the discrete molecular state with subsequent charge injection into the
semiconductor’s conduction band (type I sensitization), and direct
excitation into the conduction band (type II sensitization). These
transition dipole moments as well as the electronic coupling
dependent on the charge injection are very sensitive to the adsorption
mode. Next to the pathways are two representative sensitizers: a
tris(bipyridine )ruthenium(II) derivative for type I sensitization and
catechol for type II sensitization.

studied model systems because it represents the simplest
realization of a larger family of hybrids with very strong
electronic couplings between adsorbate and semiconductor.” A
large body of literature on the binding mode has been
published since the first reference in 1991'” and remains to date
a topic of current research activity. The three proposed binding
geometries in addition to molecular physisorption are (1)
chelated (also called in the literature mononuclear bidentate),
(2) bidentate (also called in the literature binuclear bidentate or
dissociative), and (3) monodentate (Figure 2). Studies of
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Figure 2. Possible binding modes of catechol on TiO,.

adsorption have argued both in favor of a chelated
structure'®™*° as well as in favor of a bidentate structure.”' ~**
Scanning tunneling microscopy studies on atomically flat
surfaces showed that catechol adopted a bidentate geometry
with relatively high mobility on perfect surfaces, which became
chelated and fixed when the molecule encountered a step.”*°
This points to the defect concentration of the surface as a
critical property for the bonding geometry. Monitoring of the
Ti anchoring sites was also performed using XANES. Rajh et al.
tracked the fate of the undercoordinated Ti** sites in aqueous
nanoparticles and found that they disappeared upon adsorption
of catechol, supporting a chelated geometry which restored the
octahedral coordination present in the bulk.” Theoretical
studies have addressed the optical activity of catechol—titania
clusters’” and shown that the local geometry of the substrate
plays a key role in stabilizing chelated modes.”®

Solid-state NMR spectroscopy is a powerful tool for
obtaining molecular level details about ligands adsorbed on
oxide surfaces.”” However, it has not been used to elucidate the
binding details of catechol on TiO,, with very few studies
applied to this or similar systems.”*~** This is likely due to the
fact that accurate and comprehensive simulations have to be
performed in parallel to interpret the chemical shift
distributions. The combination of experimental and theoretical
NMR characterization has proven to reveal the local environ-
ment in a variety of chemical systems”” and is the approach that
will be followed in the present work to determine the binding
mode of catechol on titania.

B METHODS

Chemicals. Catechol was purchased from Alfa Aesar, and
titanium tetrachloride from Sigma-Aldrich, and used as
received. Catechol-d, was prepared by exchanging the hydroxyl
protons in a D,O solution (Alfa Aesar), obtaining a 97% degree
of deuteration.

Synthesis of Nanoparticles. Ten milliliters of TiCl, was
added dropwise to 200 mL of cold deionized water via a
peristaltic pump. The TiCl, was cooled by a coldfinger, and the
water was placed in an ice bath. The entire system was kept
under N,. Once all the TiCl, was added, the mixture was stirred
for 10 min and placed in a dialysis bag. The water bath for
dialysis was replaced until the pH of the nanoparticles was
raised to 3.5.”

Capping of Nanoparticles. To prepare the capped
nanoparticles, excess ligand was added to a solution of TiO,,
adjusted to pH 6, washed multiple times with water to remove
excess ligand, and brought back to pH 3.5. The resulting
material was dried one last time, crushed to a fine powder, and
packed in a 4 mm NMR rotor.

UV—Vis. UV—vis spectra were measured with a PerkinElmer
LAMBDA 1050 spectrometer in transmission mode with a 1
cm cuvette. As-synthesized nanoparticles are colloidal with a
TiO, concentration of 0.2 M.

NMR. Solid-state NMR spectra were collected on a Varian
400 MHz wide bore spectrometer equipped with a 4 mm triple
resonance probe configured for '"H—"C operation. *C CP
MAS spectra were acquired at 10 kHz with a 2 ms contact time
and two-pulse phase-modulated (TPPM) proton decoupling of
83 kHz during acquisition.”* The recycle delays were 600 s for
catechol crystal and 1 s for the capped TiO,, reflecting the very
different T, values. /2 pulse lengths for 'H and "*C where 4.0
and 3.0 ps, respectively, and CP conditions were optimized by
setting the '*C power to 62.5 kHz and optimizing the "H power
at the +1 sideband (72.5 kHz).

CP build-up curves were obtained in the 0 to 8 ms contact
time range and fit with the IS* model because no characterstic
oscillations could be observed either for the pure catechol or for
the capped nanoparticles.

I(tCP) = 710 (g_tCP/Ti/) — e_tcp/Tls)
1 - TIS/ Tlp (1)
where I is a scaling factor, Tjg' is the build-up rate, and Tl_pl is
the spin—lattice relaxation rate in the rotating frame. The IS*
model was fit to the data using a Marquardt—Levenberg
procedure.”

To obtain the CSA parameters, slow-spinning spectra were
acquired at 1.5, 1.9, and 2.5 kHz. CSA were then fit and
simulated with TopSpin and DMfit.
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B COMPUTATIONAL METHODS AND MODELS

Energy. Calculations of the surface structures were carried
out using the VASP 5.3.3 code®®” with the Perdew—Becke—
Ernzerhof functional.’® The core electrons were kept frozen by
the plane-augmented wave method PAW.*" The valence
electrons (Ti 4s* 3d%; O 2s* 2p% C 2s* 2p% H 1s') are
described explicitly by means of a plane-wave basis set with a
cutoft of 400 eV. The reciprocal space was sampled with an
adapted Monkhorst—Pack grid, with a distance of about 0.05 A"
between two k-points in the reciprocal space. Geometrical
optimization was carried out using the conjugate-gradient
algorithm with a tolerance of 0.1 meV in total energy. Dipole
corrections were included in the direction perpendicular to the
slab. All the atoms of the system were allowed to relax. A four-
TiO, layer thick model was used to compute the adsorption
geometries and energies. From the optimized structures, the
slabs were cut to generate two-TiO, layer thick models that
were again optimized and then used for the NMR calculations.

NMR Shifts. The Quantum Espresso package*' was used to
perform the NMR calculations, with the PBE functional.”® A
plane wave basis set of cutoft 816 eV was used together with
pseudopotentials to represent the core electrons."”* The
gauge including projector augmented wave (GIPAW) method**
was employed to obtain the shielding tensor. These calculations
were performed on the small models (two-TiO, layers thick)
previously optimized with VASP, due to the high computa-
tional demand of this type of calculation. The *C chemical
shifts are related to the shielding tensor by a linear relation that
was obtained using catechol crystal as a standard. This was
chosen because we are only interested in the chemical shift
differences from the catechol in the gas phase and not
comparison between different models. A comparison with
linear relations obtained with a library of molecules, however,
yielded negligible differences. The linear relation used was 6 =
—0.88736 + 163.24 where 5 and ¢ are the *C chemical shift
and shielding tensor, respectively.

Models. Three terminations of the anatase TiO, were
considered for the periodic slab models: (001), (100), and
(101). Four-TiO, layer thick models were used, obtained from
ref 21. In a first step they were fully optimized and the
adsorption energy of catechol was calculated as the difference in
energy between the catechol slab and the sum of bare slab plus
gas-phase catechol (negative values indicate favorable inter-
action). Molecular, bidentate, monodentate, and chelated
geometries were explored on regular stoichiometric bulk-cut
slabs. The catechol molecule was fully deprotonated in the
bidentate and chelated mode, deprotonated once in the
monodentate mode, and neutral in the molecular mode.
Upon deprotonation, the H binds to surface undercoordinated
oxygen sites, and the catecholate forms O—Ti bonds, as found
for similar systems in periodic’*>** and cluster models.””***’
To take into account defective surfaces, three models were
constructed for the (101), (001), and (100) terminations, in
which a TiO, unit was removed from the top layer. During the
optimization, only the (001)-terminated slab stabilized the
chelated mode; the others evolved to bidentate species. The
coordinates of the model for the stepped (001) slab with a
chelated species is included in Supporting Information (SI). In
a second step the optimized structures were used to construct
smaller models compatible with the high computational cost of
the GIPAW calculation; the lower half of the slab was cut, and
the new system geometry was optimized. Consistency was

checked between the two sets of models in regard to geometry,
adsorption energy, and NMR predictions while large differences
existed in the forces present and the energies, and the NMR
predictions agreed within 1%. This computational protocol has
been successfully applied recently to characterize phosphate
species on TiO,.”

B RESULTS AND DISCUSSION

Anatase nanoparticles 4.6 + 1 nm in diameter were synthesized
and functionalized with catechol as detailed in Methods (see
Figure 3). The anatase bandgap is strongly red-shifted upon

Figure 3. Left: UV—vis of TiO, without (black) and with (red)
catechol. Right: TEM of TiO, nanoparticles. Size analysis yields
nanoparticles with a diameter of 4.6 + 1 nm.

catechol addition (see Figure 3). The LUMO of the catechol is
strongly coupled to the conduction band via the oxygens,
resulting in a newly formed charge-transfer state that has an
absorption in the visible.” To assign a geometry to the
catechol—TiO, complex, we turn to NMR spectroscopy.
Solid-State NMR. The "*C CP-MAS spectrum of catechol
and catechol on TiO, is shown in Figure 4. For pure catechol,
we see three sharp peaks for the three distinct carbons in

Figure 4. Ten kilohertz *C CP-MAS spectra of catechol and TiO,—
catechol. Traces are offset vertically for clarity. The top shows chemical
shift predictions from ab initio calculations.
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catechol. Upon adsorption, the a- and f-carbons are split into
two peaks corresponding to two different speciations, that we
call species I and species II (see Table 1). The a-carbon has

Table 1. Measured Chemical Shifts for Native Catechol and
Catechol on TiO,

a-carbon f-carbon y-carbon
native catechol 143 116 121
catechol-TiO, I 154 110 121
catechol—TiO, II 145 116 121

two downfield shifts from 143 to 145 ppm and 154 ppm, while
the f-carbon has chemical shifts at 116 ppm (unchanged from
native catechol) and an upfield shift at 110 ppm. The y-carbon
at 121 ppm does not shift in position. To assist in the
assignment of the adsorbed species, we carry out an exhaustive
computational exploration of catechol binding on TiO, facets.

DFT and Chemical Shift Prediction. The molecular,
monodentate, bidentate, and chelated adsorption modes were
computed on the different slab models (Figure S). The full

Figure S. Adsorption geometries on the {101} facet for (a) molecular,
(b) monodentate, (c) bidentate, and (d) chelated modes.

chemical shift tensors are reported in Table 2 together with the
adsorption energies found for the large and small slab models.
As can be seen, the adsorption energy found for both large and
small slabs are in good agreement. The values for adsorption
energy become more exothermic (negative) for the series (101)
< (100) < (001) and were also found for the adsorption of
neutral dopamine.”’ The general trend is the stabilization of
bidentate modes, with adsorption energies in the range
[—1.84:—0.65] eV, followed by monodentate in the range
[—0.90:—0.62] eV, molecular [—0.33:—0.14] eV and chelated
ones [—0.62:0.24] eV. It is interesting to note that the chelated
modes are the least stable ones, although they compete with the
monodentate ones in the termination (001). The chelated
geometry on a defective (001) model shows a very exothermic
adsorption energy reaching —1.58 eV. We conclude that the
presence of surface defective sites, involving low coordination
for titanium sites, stabilizes the chelated structures. A recent
work using small titania clusters’® shows that the chelated
geometry may become the preferred adsorption mode
depending on the local surface structure, with direct implication

in the absorption spectra. In titania nanoparticles like those
studied here, the presence of undercoordinated surface titania
sites is likely to occur, whereas regular terminations are
expected to be less common.

An analysis of the results in Table 2 shows the following
trends. First, the a-carbon is always displaced downfield upon
adsorption for chelated, bidentate, or monodentate. The f-
carbon is shifted slightly downfield for the molecular,
monodentate, or bidentate case but is shifted upfield for the
chelated geometry. Finally, the y-carbon is perturbed negligibly
by the interaction with the surface. Comparison between
experiment and theory shows that only the chelated structure
can account for the chemical shifts of species I. Species II has its
a-carbon shifted slightly downfield, while the other carbons
remain at the same positions as in native catechol.
Monodentate or molecular catechol is consistent with these
changes.

Contact Times. The magnetization transfer from 'H to *C
spins occurs via through-space dipole—dipole interactions and
follows a 1/r% dependence on the interspin distance r. The
build-up kinetics, where the '*C magnetization is monitored as
a function of the duration of the magnetization transfer
window, can be used to determine the presence of nearby 'H
spins.B'S In our case we can use these experiments to determine
the protonation state of the nearby oxygens. Build-up curves
were measured for catechol, catechol-d,, and catechol-TiO,
(see Figure 6A,B) and fitted to the I1S* model (see Table 3).
We focus on the a-carbons only due to their proximity to the
oxygen sites. The possibility of comparing H,-catechol and
catechol-d, allows us to estimate the contribution of the
hydroxyl hydrogens to the build-up rates. These can be
decomposed into the contributions from the OH groups (1/
T(om),), and the rest of the molecule or molecule/surface (1/

Tcatechol-dz) :

1/’Iz:atechol = 1/’1—;eltechol-d2 + 1/T(OH),' (2)

For the catechol crystal, the contribution of the hydroxyl
groups is 1.06 ms™". Once adsorbed, the long relaxation times
for neat catechol arising from the rigidity of the crystal become
finite and <10s. Also, upon adsorption to the surface, the build-
up rates increase. Given our initial preparation conditions (pH
= 3.5), we attribute this general increase to the presence of
surface OH groups and adsorbed water molecules.”® We can
also calculate the difference in rates between the two a-carbon
signals of adsorbed species (species I and II) and find it to be
1.28 ms™), with the most downfield signal having the longer
build-up time constant. The similarity of this rate to the
contribution of the hydroxyl protons tells us that species I has
two less protons on the oxygens than species II, so that species
Iis doubly deprotonated consistent with a chelated geometry as
observed from the chemical shifts, or a bidentate geometry;
species 11 is a fully protonated (or molecular) species. This is a
similar conclusion reached by Lana-Villareal et al.** using IR
and Raman spectroscopies and in contrast with other
studies.”’ ~** It is possible that during the drying process
bidentate or monodentate species become protonated,
appearing in our measurement as molecular species.
Chemical Shift Anisotropies. Chemical shift anisotropies
are also very reliable signatures of the binding modes and are
reported for completion in Table 2 using the Herzfeld—Berger
convention. The distinctive signature of a chelated geometry is
a negative asymmetry parameter k¥ of the a-carbon and an
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Table 2. Adsorption Energy E, g in €V for the Large and Small Model (see text), and Full Chemical Shift Tensor Parameters

Obtained from DFT calculations for the Small Models”

E g a-carbon f-carbon y-carbon
facet binding mode large small Oiso Q K Oiso Q K Oiso Q K

(101) bidentate —0.66 —0.45 161 127 0.62 121 155 0.26 123 198 0.13
(100) bidentate —-1.15 —1.06 162 128 0.64 121 155 0.29 122 196 0.14
(001) bidentate —184 -157 161 125 0.63 120 156 027 122 196 013
(101) chelated 0.24 0.23 162 135 -0.21 110 138 0.38 123 204 0.04
(100) chelated —0.01 —0.06 165 134 0.07 110 140 0.36 123 201 0.06
(001) chelated —0.84 -0.79 162 142 -0.33 110 140 0.40 123 204 0.05
(101)-defect chelated to bidentate - - - - - - - - - -
(001)-defect chelated —1.58 —1.57 162 130 —-0.01 110 143 0.30 124 202 0.11
(100)-defect chelated to bidentate - - - - - - - - - -
(101) monodentate -0.37 —-0.62 155 129 0.33 122 163 0.27 124 200 0.14
(100) monodentate to bidentate - - - - - - - - -

(001) monodentate —-0.85 —0.90 150 125 0.42 119 155 0.11 121 196 0.13
(101) molecular —0.32 029 145 131 030 116 159 018 121 196 0.13
(100) molecular —-0.14 -0.33 146 135 0.36 115 159 0.19 120 196 0.10
(001) molecular -0.25 —0.24 146 137 0.32 116 163 021 121 198 0.12

“The reported values are the average values over the pairs of identical spins of catechol. For the full value of chemical shifts, see SI.

Figure 6. Contact times build-up for the a-carbons catechol and
catechol-d, (left) and of the two conformers on TiO, (right).

Table 3. Parameters of the I1S* Model

Tys (us) Ty, (us)
catechol 581 + 16 00
catechol-d, 1501 + 21 00
catechol—TiO,, upfield 370 + 38 6484 + 636
catechol—TiO,, downfield 679 + 48 8546 + 906

upfield chemical shift of the -carbon. CSA experiments were
not found to be conclusive due to peak crowding (see
Supporting Information); nonetheless, the theoretical values
are reported for completion should they prove useful for
subsequent work.

Defective Surfaces. Since catechol binds in a chelated
geometry preferentially on defective surfaces, we constructed
models of defects on the three structures of TiO, (results
reported in Table 2 for compactness). The models constructed
for (101) and (100) terminations evolved during the
optimization to bidentate modes. We notice that the upfield
shift of the y-carbon characteristic of a chelated geometry is
present on the {001} facet. Furthermore, the strongly negative
value of the skew parameter k from pristine surfaces becomes
almost null for (001) in agreement with the CSA pattern
estimations and slightly positive for the (100) (see SI). Such an
agreement with the (001) surface would seem to suggest that
defects are more common on the (001) surface, where it is
known that 4-fold coordinated Ti appears in typical

23629

reconstructions.”” These results show that not only the
adsorption mode but also the local substrate structure has a
strong impact on the chemical shifts and in particular the
anisotropy of the magnetic tensor. This is not obvious from the
result of defect-free slabs where the chemical shifts are not
strongly surface dependent (see Table 2).

B CONCLUSION

We have applied solid-state NMR techniques coupled to DFT-
GIPAW chemical shift predictions to the binding of catechol on
TiO,. On the basis of *C chemical shifts, we conclude that
chelated species are unambiguously present on the surface. By
analyzing the build-up curves, we can assign the protonation
state of the second species as doubly protonated at the oxygen
positions and assign it to a molecular species. More in-depth
models of the facets with defects suggest that the chelated
species are most likely adsorbed on defective (001) sites.
Finally, because of peak overlaps it is possible that some degree
of bidentate structures are also present. The combination of a
chelated and molecular species is the simplest model that
explains our observations. These apply to dried samples and it
is possible that other geometries exist in a dynamic equilibrium
in solution. This is one of the few reports providing direct
experimental evidence of the presence of chelated geometries.
Our work is a stepping stone for the analysis of further ligands,
not only to help understand the details of the adsorption
geometry but also of the dynamics which might be crucial in
photocatalytic systems where adsorption of reactants is often
the rate-limiting step.
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