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ABSTRACT: We have characterized the covalent binding
of the CO, reduction electrocatalyst ReCOA (Re(CO)s-
Cl(dcbpy) (dcbpy =4,4'-dicarboxy-2,2"-bipyridine)) to the
TiO, rutile (001) surface. The analysis based on sum fre-
quency generation (SFG) spectroscopy and density func-
tional theory (DFT) calculations indicates that ReCOA
binds to TiO, through the carboxylate groups in bidentate
or tridentate linkage motifs. The adsorbed complex has the
dcbpy moiety nearly perpendicular to the TiO, surface and
the Re exposed to the solution in a configuration suitable for
catalysis.

he development and structural characterization of catalytic

materials for selective reduction of CO, at low overpoten-
tials is a problem of great technological interest.' * In recent
years, Re(CO);Cl(dcbpy) (dcbpy =4,4"-dicarboxy-2,2"-bipyridine)
(ReCO0A) and several derivatives have been explored for catalytic
reduction of CO, to CO.>™ 13 Interestingly, binding of a rhenium
bipyridyl complex to TiO, electrodes was shown to have
increased catalytic reductive ability."* However, the configura-
tions of these complexes on TiO, and the effect of the surface on
catalytic activity have yet to be established. This contribution
addresses the nature of the covalent attachment of ReCOA to the
TiO, rutile (001) surface. We focus on single-crystal TiO, since
it is an atomically flat, well-characterized surface that is ideally
suited for both experimental and theoretical studies."* >° The
ReCOA/TiO, (001) interface is therefore a model system with
many features desirable in an electro- or photocatalytic system
and the structural simplicity necessary for rigorous charecteriza-
tions based on spectroscopy and theoretical modeling. By
combining sum frequency generation (SFG) spectroscopy and
density functional theory (DFT) calculations, we show evidence
that ReCOA binds through the carboxylate groups with bidentate
or tridentate linkages that orient the dcbpy moiety nearly
perpendicular to the surface and expose the Re to the substrate
solution as necessary for catalysis.

SFG spectroscopy has been recognized in recent years as a
surface selective technique for determining molecular orienta-
tion at interfaces.”' >® In a typical infrared—visible SEG experi-
ment, two fundamental laser beams of frequency wr and W, are
combined at a surface and generate a resulting sum frequency
signal Wsg (Wsp = Wr + Wy;5). The efficiency of this process is
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enhanced when wg corresponds to a vibrational resonance of
the interfacial molecule, yielding a vibrational SFG spectrum. For
an ordered layer of molecules on a surface, the SFG signal
depends on the polarization of wy;s, W1gr, and wgg with respect to
the vibrational and/or electronic transition moment. By mon-
itoring the SFG response as a function of fundamental and
generated polarizations, the projection of the transition moment
on the laboratory axis can be determined. These results can then
be used to screen calculated adsorption geometries. The molec-
ular adsorption geometry at the semiconductor surface can thus
be obtained via this synergy of experiment and theory.

In this work, we have investigated the orientation of ReCOA on
a rutile TiO, (001) single crystal using vibrational SFG spec-
troscopy in the CO stretching region. The (001) surface was
chosen for its C; symmetry which simplifies the analysis com-
pared to less symmetric TiO, cuts. The details of the experi-
mental setup and sample preparation can be found in the
Supporting Information. The black trace in Figure 1 shows the
FTIR spectrum of ReCOA on a nanoporous TiO, thin film which
displays three CO stretching modes: an in-phase symmetric a’(1)
stretch at 2040 cm ™', an antisymmetric a’’ stretch at 1939 cm ™',
and an out-of-phase symmetric a’(2) stretch at 1910 cm™ "%
Also shown is the ReCOA/TiO, (001) SFG spectra when .4 =
800 nm (Asg &~ 690 nm) for three different polarization
combinations: PPP (indicating the polarization of the sum
frequency, visible, and infrared fields, respectively), SSP, and
SPS. No discernible signal is seen in either the SSP or the SPS
polarization combination for any vibrational modes. The PPP
spectrum shows a clear peak at ~2040 cm™ ', corresponding to
the totally symmetric a'(1) stretch, while the two lower fre-
quency modes are absent.

The SFG intensity degends on the product of the IR and
Raman cross sections.”'~>* Raman spectra of related complexes
show that all three CO stretching modes are active when the
excitation beam is off-resonant with the electronic transition
(Aex = 1064 nm). When the excitation beam is near or at
resonance, only the a’(1) mode is Raman active.*® The lack of
(pre-) resonant Raman activity of the a”’ and a/(2) modes has
been attributed to the negligible change of equilibrium positions
of these normal modes between the ground and the metal(Re)-
to-ligand(bpy) charge transfer (MLCT) excited state.>* To inves-
tigate the extent of resonant enhancement due to the MLCT
transition, we have examined the dependence of the SFG spectra
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Figure 1. SFG spectra of ReCOA on TiO, (001) as a function of W

with Agg = 690 nm for three polarization combinations: PPP (red

circles), SSP (green triangles), and SPS (yellow squares). Also shown for

comparison is the FTIR spectrum of ReCOA on nanoporous TiO, (black

dashed line).
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Figure 2. SFG intensity at 2040 cm™' (PPP) as a function of the sum
frequency wavelength after correction for grating and CCD efficiencies
(black circles, left axis). Also shown is the UV—visible absorption
spectrum of ReCOA on nanoporous TiO, (solid black line, right axis).

on Wy SFG spectra of ReCOA/TiO, recorded with Agp =
500 nm also show a lack of intensity of the a” and a’(2) modes for
all polarization combinations (results not shown) and a similar
polarization dependence of the a’(1) mode as shown in Figure S1
in the Supporting Information.

Figure 2 shows the UV—visible absorption spectrum of
ReCOA on amorphous TiO, compared with the SEG peak
intensity at 2040 cm~ ' (PPP) as a function of the sum frequency
wavelength. The larger errors bars at shorter wavelengths can be
attributed to sample degradation which led to variations in peak
intensity. There is a clear increase in the SFG signal as the sum
frequency approaches the MLCT band at ~400 nm, indicating
that it is resonantly enhanced, consistent with previous resonant
Raman spectra of related complexes.** ¢

In order to determine the orientation of ReCOA from the SFG
spectra, the SFG response of the a’(1) mode was modeled as a
function of orientation angle for the three polarization combina-
tions. In general, the SFG response is given by:*"*>*

Hwse) o |72 Lo (@) Iir (01r) (1)

where I(w) is the intensity of the given electric field and oD is
the effective second-order nonlinear susceptibility tensor, which
is related to individual X(Z),-]-k (ijk = xy,z) elements through
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Figure 3. (Lower trace) Model of SFG intensity for the three polariza-
tion combinations as a function of the orientation angle: PPP (solid
black line), SSP (red dashed line), and SPS (dotted blue line). Inset
shows molecular axis system for ReCOA. (Upper trace) Predicted PPP/
SSP and PPP/SPS ratios as a function of orientation angle.

Fresnel factors. For a molecule containing a mirror plane on a
surface with C, symmetry—as in the case of ReCOA/TiO, (001)—
only four independent nonzero y"* jc elements remain. The
relative values of the nonzero elements are probed using different
combinations of input and output polarizations. These elements
can be related to the molecular hyperpolarizability ﬂ(z)aﬁy by
transforming from the laboratory frame of reference to the
molecular frame:

1 =N Y (RaRpRBY), 2)
ofy =abc

where Nj is the molecular number density, R is the rotation
transformation matrix element from the molecular coordinate
(abc) to the laboratory coordinate (xyz), and the angular
brackets denotes an ensemble average over possible orientations
of the molecule. The molecular axis system for ReCOA is shown
in the inset of Figure 3. The c-axis connects the center of the
bipyridine to the Re atom (along the direction of the MLCT
transition and bisecting the two equatorial CO groups), the b-axis
connects the Re center with the axial CO, and the g-axis is per-
pendicular to b- and c-axes. Assuming a dominant contribution
from the MLCT transition to the electronic resonance enhance-
ment, two dominant hyperpolarizability elements are identified
for the a’(1) mode: .. and f3... The details of the orientation
analysis are provided in the Supporting Information. Because of
the C, symmetry of the TiO, surface, the .., element has no net
contribution to the second-order susceptibility.

The lower trace of Figure 3 shows the predicted relative
intensities of the SFG signal for the PPP, SSP, and SPS polariza-
tion combinations as a function of orientation angle (6, between
the c-axis and surface normal, z or n), while the upper trace
displays the predicted PPP/SSP and PPP/SPS ratios of SFG
intensities. According to this model the SFG signal in the PPP
combination should be dominant at smaller orientation angles
(c-axis closer to surface normal), whereas at larger orientation
angles all three combinations show appreciable signal. The SFG
spectra of ReCOA/TiO, (001) show signal for the a’(1) mode
only in the PPP combination. As our signal to noise is sufficient to
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Figure 4. Calculated adsorption geometries for ReCOA on TiO, (001).
The bidendate (a) isomer is calculated to be 4.85 kcal/mol higher in
energy than the tridentate (b) isomer. Color code: H atoms (small white
spheres), C atoms (gray spheres), N atoms (blue spheres), O atoms (red
spheres), Ti atoms (large silver spheres), Cl atoms (green spheres), and
Re atoms (large light-blue spheres).

detect a minimum PPP/SPS ratio of 60:1, this analysis yields an
orientation angle of ~0—22° from the surface normal.

In support of the experimental work, DFT calculations were
performed to obtain an atomistic model of the ReC0A/TiO,
(001) interface, as described in the Supporting Information.
Several possible ReCOA binding motifs were investigated, two of
which have orientation angles that lie within the experimentally
determined range of 0—22°. Both structures bind to the TiO,
surface by ligation of the carboxylate groups to tetracoordinated
Ti centers. Figure 4b depicts the tridentate isomer, which is
predicted to be the global minimum and has an orientation angle
of 11.7°. The bidentate isomer (4a) is calculated to be ~5 kcal/
mol higher in energy with an orientation angle of 0.9°. Both
structures are energetically equivalent within the assumed error
of the DFT level, and it is likely that the SFG signal observed is
from a combination of the two isomers.

In conclusion, we have used a combination of SFG spectros-
copy and density functional theory to determine the adsorption
geometry of the model electrocatalyst ReCOA on a single-crystal
TiO, (001) surface. SFG spectra of ReCOA/TiO, (001) revealed
a single vibrational band corresponding to the totally symmetric
a’(1) mode. The polarization dependence of this band indicates a
molecular orientation angle 6 of 0—22° from the surface normal.
Two calculated structures displayed orientation angles that fall
within the experimentally determined range, resulting from a
bidentate (6 = 0.9°) or tridentate (6 = 11.7°) binding linkage of
the carboxylate groups to the TiO, (001) surface. The upright
orientation of ReCOA on TiO, leaves the rhenium atom exposed
for maximum reductive capacity. This intricate understanding of
the binding and orientation of molecules on semiconductor
surfaces is essential to advance our understanding of the effect
of the surface on catalytic activity and for the design of more
efficient and stable catalytic materials.
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