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ABSTRACT: We explore the protonation states of benzohydroxamic acid adsorbates
bound to the {101} facet of TiO, anatase by using a combination of density functional
theory, simulations of UV—vis spectra based on a tight-binding Hamiltonian, and
direct comparisons to experimental measurements. We find that the characteristic
red-shifted spectrum of nonmethylated, relative to the methylated, hydroxamic acids
can only be explained by proposing a monodeprotonated monodentate mode as
the main adsorption mode. The reported analysis suggests a simple, yet general,
spectroscopic method based on UV—vis absorption measurements and tight-binding
calculations for inferring changes of pK, of molecular adsorbates interacting with

semiconductor electrode surfaces.

Bl INTRODUCTION

Hydroxamic acids (Chart 1) have been explored as ligands
in metal complexes' and anchors to metal oxide surfaces”
due to their valuable binding properties, already exploited by
siderophores,” as well as pharmacological applications.* Recent
studies have shown that hydroxamic acids are effective
anchoring groups for linking chromophores and catalysts to
TiO, surfaces in solar photocatalytic cells.””~” Furthermore,
they have attracted significant attention because they enable
efficient interfacial electron transfer.”*”' However, the precise
protonation states and binding modes adopted by hydroxamic
groups when binding to TiO, surfaces remain controversial.
High-quality IR methods combined with density functional
theory (DFT) analysis of small complexes'' have suggested
that monodeprotonation of the hydroxamic OH group induces
bidentate binding. More recently, we found evidence for
the doubly deprotonated bridging bidentate form,'” as the
appropriate structure when covalently bound to the {101}
surface of anatase TiO, (i.e., the most stable facet of TiO,
under neutral pH conditions).13 Yet, in another article, IR and
crystallography studies confirmed monodeprotonation and

Chart 1. Benzohydroxamic Acid, Including R = Hydrogen
(H), Methyl (Me), or a Lone Pair (Lp.)

R ={H, Me, l.p. }
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suggested a chelating binding mode with reconstruction,'*
noting that the UV—vis absorption of benzohydroxamic acid
with R = H (Chart 1) is red-shifted relative to the cor-
responding spectrum of benzohydroxamic with R = Me."*

In this paper, we examine the molecular origin of the
aforementioned shift of the UV—vis spectroscopic bands with
the goal of understanding the actual protonation state of these
important molecular adsorbates bound to semiconductor
surfaces. Our comparative analysis of binding motifs (Chart 2)
includes simulations of the absorption spectra that allow for
direct comparisons with experimental spectra. Our simula-
tions of UV spectra are based on a tight-binding Hamiltonian
parametrized at the DFT, as described in the Supporting
Information (SI). The resulting model Hamiltonian allows for
simulation of extended supercell structures, as required for
simulations of charge-transfer photoexcitations.

B METHODS

The model slab of TiO, was optimized at the DFT level, using
the PBE exchange-correlation functional"® within the general-
ized gradient approximation (GGA) with pseudopotentials
based on the work of Troullier and Martins'® and the polarized
double-{ basis set,'” as implemented in SIESTA 3.1.'°
The Monkhorst—Pack k-point grid for the Brillouin zone'**’
was limited to the I'-point. Periodic structures consisting of
stoichiometric 4 X 4 X 3 layer slabs were optimized with a

Received: February 9, 2017
Revised: ~ May 6, 2017
Published: May 10, 2017

DOI: 10.1021/acs.jpcc.7b01272
J. Phys. Chem. C 2017, 121, 11985-11990


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b01272/suppl_file/jp7b01272_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b01272/suppl_file/jp7b01272_si_001.pdf
pubs.acs.org/JPCC
http://dx.doi.org/10.1021/acs.jpcc.7b01272

The Journal of Physical Chemistry C

Chart 2. Structures of the Hydroxamic Acids under Study as Well as Depictions of the Different Binding Modes to the Surface”
R ={H, Me, |.p. }
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?1: Chelate binding on a pristine surface. 2: Chelating mode on a defective surface (oxygen vacancy), where the O* indicates the oxygen from the
hydroxamic acid that has filled the defect. 3: Bridging bidentate mode on a pristine surface. 4: Monodentate mode on a pristine surface. R = Lp.
indicates lone pair, i.e,, an anionic deprotonated form. The R group also indicates whether or not the species is N-methylated.

monolayer of adsorbed water, as in 3previous work that focused
on the binding of carboxylic acids.'” The atoms of the bottom
two layers of the slab were kept fixed to simulate a semi-infinite
surface. The real-space grid energy cutoff was set to 200 Ry.
Geometries were relaxed until the residual forces became less
than 0.04 eV/A per atom.

The DFT parametrization of the tight-binding model
Hamiltonian was based on the B3LYP”' exchange-correlation
functional and the 6-31G(d) basis set,”* as implemented in
Gaussian 09.”> We used the default integration grid which
consisted of 75 radial shells with 302 angular points each.” The
extended Hiickel tight-binding parameters were optimized for the
benzohydroxamic acid in the gas phase to match DFT calculations
of dipole moments, with additional constraints preserving the DFT
HOMO-LUMO energy differences as well as the symmetries of
the HOMO and LUMO orbitals (Figures la and 1b).

Figure 1. Molecular orbital isosurfaces of benzohydroxamic acid with
an isovalue of 0.0S, obtained with DFT (a, b) and EH (c, d) with the
parameters in Table S2. (a) and (c) give the HOMO (localized on
hydroxamic acid), while (b) and (d) give the LUMO (localized on the
benzene ring).

The EHT parameters (Table S2) predict molecular orbitals,
shown in Figures lc and 1d. The resulting HOMO-LUMO
gap is 5.20 eV, in agreement with the DFT value of 5.11 eV.
In addition, the resulting dipole moment of 3.66 D agrees well
with DFT (3.70 D). Table 1 shows the resulting EHT spectra
for the isolated benzohydroxamic acid, which agrees well with
the experimental peak positions.”*

Table 1. Comparison of EHT UV—vis Peaks for the Isolated
Benzohydroxamic Acid to the Experimental Peak Positions
in Aqueous Solution at pH = 2

EHT peak wavelength (nm)

238 246
220 220

exptl peak wavelength (nm)

“Ref 24.

Additional details are given in the Supporting Information
(SI). The obtained parameters, together with the tight—binding
parameters for TiO, and water, as obtained by Hoffmann,”
were used to calculate the 6photoabsorption spectra with the
DyneMol suite of programs,”®*” as in earlier work.”® No shifting
of the Fermi levels of the hydroxamic acid relative to the TiO,
was necessary since the DFT and EHT TiO, conduction band
minima (—4.40 eV*’ and —10.28 €V) vs the hydroxamic acid
HOMO (—6.47 eV and —12.13 eV) are within 0.21 eV.

B RESULTS AND DISCUSSION

1. Adsorption Motifs of Benzohydroxamic Acids on
TiO, Surfaces. Scheme 1 describes the calculations of binding

Scheme 1. Calculations of the Adsorption Energies for the
Hydroxamic Acids Bound to a TiO, Surface with an Oxygen
Vacancy (Top) and a Pristine Surface (Bottom)”
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“For modes 1 and 4, only one water molecule was considered in the
products.

energies for benzohydroxamic acids on model structures of
hydrated TiO, {101} slabs, as obtained from the energy differ-
ences between bound and detached adsorbates. Binding modes
obtained upon displacement of one (mode 1) or two water mole-
cules (binding modes 2 or 3) are compared to the energies of
separated fragments, including the hydrated slab and the
hydroxamic acid adsorbate in solution (Scheme 1). The result-
ing energies are reported in Table 2, with thermodynamically
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Table 2. Adsorption Energies (kcal mol™') for the Binding
Modes of Benzohydroxamic Acid

binding mode R adsorption energy (kcal mol™)
1 H -0.92
1 Me —3.85
1 Lp. 3.99
2 H 31.9
2 Me 32.1
2 Lp. 33
3 H 16.8
3 Me 18.1
3 Lp. 49.6
4 H -9.5
4 Me —12.8
4 Lp. 12.6
R=H R=1lp.
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Figure 2. DFT-optimized structures of benzohydroxamic acid bound
to a model hydrated TiO, {101} surface. Protonation states (a—1) for
the four binding modes correspond to Chart I, as follows: 1 chelating
on a pristine surface, 2 chelating on a defective surface, 3 bridging
bidentate on a pristine surface, and 4 monodentate on a pristine
surface. Refer to Chart 2 for the chemical structure of the anchoring
mode. The coloring scheme is as follows: green = C, white = H,
red = O, pink = Ti, and blue = N. Mode 1 shows significant surface
reconstruction where the coordinated Ti is lifted up from the plane
surface.

favorable binding when AE < 0. Figure 2 shows the optimized
structures for different protonation states for modes 1 (a—c),
2 (d—f), 3 (g—i), and 4 (j-1).

According to Table 2, the benzohydroxamic acid binds to a
pristine TiO, {101} surface as a monodeprotonated chelate (1)
or monodeprotonated monodentate adsorbate (4). It is most
stable when R = H for modes 1 and 4, relative to R = Lp. or
when R = Me. The bridging bidentate mode 3 is ruled out due
to the unfavorable energetics. Therefore, benzohydroxamic acid

is consistently predicted to bind first through modes 1 and/or 4
with R = H, though 4 should be favored overall assuming there
is no significant surface reconstruction.'*

2. UV-vis Spectra of Benzohydroxamic Acids Bound
to TiO,. Figure 3a shows the experimental UV—vis absorption
spectrum of TiO, functionalized with benzohydroxamic acid in
the forms R = Me (blue) as well as the deprotonated forms
R = H or R = Lp. (red), along with the spectra of both bare
TiO, (black). The experimental spectra were measured up
to 350 nm.'* The comparative analysis clearly shows that the
spectrum for the R = H adsorbate is red-shifted relative to
the absorption of R = Me, which itself is red-shifted relative to
the spectrum of bare TiO, (referred to as the red-shift from
now on).
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Figure 3. Comparison of UV—vis spectra of benzohydroxamate
adsorbates bound to TiO,, including experimental spectra
(a) (adapted from ref 14) and calculations with binding modes 1
(b) and 4 (c), as predicted by theory, including oscillator strengths as
sticks. The spectra are either for TiO, sensitized with benzohy-
droxamic acid (red (R = H) or green solid lines (R = Lp.) depending
on protonation state), sensitized with methylated benzohydroxamic
acid (blue solid lines (R = Me)) or without sensitization (black solid
lines).

We investigate which assignment of protonation states,
including various options for nonmethylated species (R = H or
R = lp.), is consistent with the observed spectral trend. The
R = Me species serves as a reference since it does not have
variable protonation states when bound to the TiO, surface.
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Figures 3b and 3c show that only the spectrum of R = H
reproduces the red-shifted pattern, relative to the spectrum for
R = Me with binding modes 1 and 4. Mode 4 should be favored
energetically based on Table 2 and the overall spectral curve.
Therefore, most of the analysis below focuses on 4. More
details, including the oscillator strengths and wavelengths for
particular transitions (Tables S3—S5), are given in the SI. These
comparisons, thus, enable the assignment of protonation states
of molecular adsorbates corresponding to those that are most
consistent with the experimental trends. We limit our analysis to
the spectra region longer than 350 nm, since at shorter wave-
lengths the absorption edge of bare TiO,” overwhelms transi-
tions originating from the molecule. Wavelengths longer than
350 nm allow us to capture the frontier orbital excitations,
including transitions from the adsorbate to TiO,.

Figure 4 shows the energetic analysis of frontier orbitals for
the entire system, providing insights on the origin of the spectral
shifts at the molecular/electronic level. Additional details are
given in the SI. For binding mode 1, Figure 4a and Tables S3—S$
show that none of these frontier orbitals are significantly
perturbed by adsorption and deprotonation, with the exception
of HOMO-2, which retracts to lower energies. However, the
HOMO-2 shift is not enough to explain the significant red-
shift. For binding mode 4, Figure 4b shows that the HOMO—-2
state is lowered by deprotonation but not by methylation.
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Figure 4. Frontier orbital diagram for benzohydroxamic acids bound
to TiO, according to mode 1 (a) and mode 4 (b). The HOMOs are
mostly localized on the adsorbate molecule, while the LUMOs are
mostly localized on the TiO,.

The higher occupied orbitals of the system are localized on
the hydroxamic acid (Figure 5), whereas the lower unoccupied
orbitals correspond to states in the conduction band of TiO,
(Figure S2). The nature of the lowest energy transitions are,
thus, direct interfacial charge transfer photoexcitations from the
hydroxamic acid to the TiO,, similar to observations reported
in our previous work with catecholate adsorbates.”® The selec-
tion of EHT over DFT can give us an advantage since TDDFT

HOMO-2 3 D}':{
‘ﬁ“ *'*:%* 55::5 ,.:'*2 jgﬁ';«

PRTS ;z o
Figure 5. HOMO, HOMO-1, and HOMO-2 states represented an
isosurface (isovalue 0.03) for mode 4 for all R groups under con-

sideration, with green and yellow representing positive and negative
phases of the states.

may fail to describe long-range charge transfer excitations.”'
Furthermore, Table 1 shows that photoexcitations localized on
the adsorbate molecule involve much shorter wavelengths
(ca. 250 nm), while the TiO, absorption edge is around 400 nm.
Therefore, transitions at wavelengths longer than 400 nm
are mostly due to direct interfacial charge transfer. From the
oscillator strength pattern of transitions in Figure 3, it is clear
that for either binding mode 1 or 4 the red-shift occurs due to
an increase in oscillator strength for R = H, relative to R = Me,
whereas the oscillator strength decreases for R = Lp. Figure 5
shows that the HOMO orbitals are much more localized on the
hydroxamic acid in the case of R = Lp., than for R = Me and
R = H. The localization of the HOMO to HOMO-2 orbitals
leads to a decrease in photoexcitation oscillator strength since
it depends on the spatial overlap between the initial and final
orbitals. Regarding the form R = Me, a small disruption of the
conjugation can be observed in the benzohydroxamate adsorbate,
which depletes the chromophore of charge, by distorting the
dihedral angle between the phenyl ring and the C=N bond
(Table 3). For example, for mode 4, the transitions near 450 nm
mainly originate from HOMO-2 to LUMO+1 and HOMO-1
to LUMO+2 (Tables S3—S4). These transitions are stronger for
R = H than for R = Me, as shown by the slightly decreased
delocalization on the phenyl ring for R = Me than for R = H in
the HOMO—2. The transitions for the R = Me may also be
slightly more symmetry-forbidden.

Table 3. C—C—C—N Dihedral Angle, Along the Side of the
Phenyl Ring Closer to the N Group, for R = H, R = Me, and
R = Lp.

binding R = H dihedral R = Me dihedral R = Lp. dihedral

mode angle (deg) angle (deg) angle (deg)
1 —-5.319 —33.863 3.494
2 5.461 35.259 4.527
3 —4.520 —45.451 —6.050
4 —11.626 44.200 —-3.094

On the basis of the comparisons with experimental spectra,
we find that R = H is the most consistent assignment for
the protonation state of hydroxamic acid adsorbed on TiO,.
Moreover, we find that the red-shift of the unmethylated
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adsorbate, relative to the spectrum of the methylated structure,
is reproduced by theory.

B CONCLUSIONS

We have shown that benzohydroxamic acid adsorbates bind
to pristine TiO, surfaces as monodentate Ti ligands in the most
stable binding motifs, as shown by using simulations of UV—vis
spectra and direct comparisons to experimental measurements.
The analysis of UV—vis spectra shows that doubly deproto-
nated states can be ruled out since they are inconsistent with
experimental data. The nature of the lowest energy transitions
are, thus, direct interfacial charge transfer photoexcitations
from the hydroxamic acid to the TiO,. The charge localization
explains the decrease in oscillator strength for R = Lp. relative
to R = Me. The resulting understanding is particularly valuable
for the design of robust anchoring groups in applications to
functionalization of semiconductor surfaces typically used in
dye-sensitized solar cells and photocatalytic surfaces. At the
same time, the reported analysis demonstrates a simple spectros-
copic method, based on UV—vis absorption measurements
and tight-binding calculations, for inferring binding modes
and protonation states of molecular adsorbates interacting with
semiconductor electrode surfaces.
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