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ABSTRACT: We report the average molecular orientation of a series of rhenium
bipyridyl CO, reduction catalysts adsorbed onto a rutile TiO,(001) single crystal
surface. The molecular conformation of these catalysts on electrode surfaces is
expected to affect their overall catalytic efficiency, since the catalytic Re center must
be free to coordinate a CO, molecule in working systems. Phase-sensitive vibrational
sum frequency generation spectroscopy (PS-VSEG) and ab initio SFG simulation
and conformation search were used to determine the molecular tilt angles of five
such complexes, Re(L,A)(CO);Cl [L,A = 2,2'-bipyridine-4,4’-(CH,),-COOH, n =
0—4] (abbreviated as ReCnA), as a function of the length of their anchoring groups.
Results show that both the short and long axes of the catalytic bipyridine ring tilt
further toward the TiO,(001) surface as the number of methylene groups in the
anchoring groups increases. The increasing tilt angles are shown to correlate with an
increasing conformational difference between the two anchoring groups as they

lengthen, caused by the free rotation of o-bonds between —CH,— groups. This study demonstrates an effective approach to
manipulate the spatial orientation of heterogeneous electrocatalysts on TiO, semiconductor surfaces by varying the length of the

molecular linkers.

I. INTRODUCTION

Research on interfacial and surface-dependent processes has
driven the development of experimental techniques capable of
obtaining a detailed structural and dynamical picture of these
systems. Of particular interest is the molecule—semiconductor
interface, which is relevant in many types of catalytic systems,
photocatalytic and photovoltaic materials, and molecular
electronics.' ™ The efficiency and specificity of many of these
processes are dependent on the molecular orientation on the
semiconductor surface. Determination of the molecular
orientation at interfaces has proven to be experimentally
challenging; however, vibrational sum frequency generation
spectroscopy (VSFG) has been recognized in recent years as a
useful technique for determining the average molecular
conformation at interfaces.’ A second-order optical techni-
que, it is forbidden in media with inversion symmetry but
allowed at interfaces where inversion symmetry is necessarily
broken. This gives VSFG the distinct advantage over other
optical techniques of surface specificity, and makes it an ideal
tool for elucidating a molecular-level picture of molecule—
semiconductor systems.

Several rhenium complexes with modified bipyridine ligands
have been developed and explored in recent years for their
ability to catalytically reduce CO, to CO."*"'® Interestingly, a
rhenium—Dbipyridyl complex was recently shown to have
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increased catalytic reductive ability when adsorbed to TiO,
electrodes.'” A complete understanding of the orientation and
binding of these molecules to semiconductor surfaces is vital to
elucidating the mechanism of electron transfer and electro-
catalytic reduction.'™ A thorough study of the covalent
attachment of these electrocatalysts on semiconductor electro-
des may thus aid in the improvement and development of these
catalytic materials.

Previously, our group investigated the orientation of
Re(L,A)(CO),Cl [LoA = 2,2'-bipyridine-4,4'-carboxylic acid]
(abbreviated ReCOA) on single crystalline TiO, using VSFG,
and found that the complex oriented roughly upright on the
TiO, surface.”® On the basis of these results, we wished to
extend these studies on molecular orientation to include other
molecules in the ReCOA family. In particular, we chose to focus
on a series of five rhenium bipyridyl complexes, Re(L,A)-
(CO),Cl [L,A = 2,2"-bipyridine-4,4’-(CH,),-COOH, n = 0—4]
(abbreviated as ReCnA); their structures are shown in Figure 1.
These molecules are known to adsorb to semiconductor
surfaces through their carboxylate anchoring groups, which are
attached to the bipyridine ligands through methylene spacers of

Received: July 26, 2012
Revised:  October 19, 2012
Published: October 22, 2012

dx.doi.org/10.1021/jp307406j | J. Phys. Chem. C 2012, 116, 24107-24114


pubs.acs.org/JPCC

The Journal of Physical Chemistry C

Figure 1. Schematic structure of ReCnA, where n refers to the number
of methylene linkers between the carboxylate group and bipyridine
ring.

varying lengths (n-CH, units).”' >* These complexes have
been shown to inject electrons into the semiconductor at
different rates depending on the value of 12> However, it is
currently unclear if this rate dependence is due to a change in
the average orientation of these complexes on the semi-
conductor surface as n increases. A change in molecular
conformation could also be expected to affect the overall
catalytic efficiency of such molecules, since the catalytic Re
center must be free to coordinate a CO, molecule in working
systems. Therefore, a study of the average molecular orientation
of the ReCnA family, with increasing n, may elucidate the effect
orientation plays on electron transfer and catalytic capability.

In this work, we have investigated the average molecular
orientation of the ReCnA series (n = 0—4) on a rutile
TiO,(001) single crystal using a combination of phase-sensitive
vibrational sum frequency generation spectroscopy (PS-VSFG)
and density functional theory (DFT) calculations. The (001)
surface was chosen for its C, symmetry, which simplifies the
analysis compared to less symmetric TiO, cuts.

Il. THEORY

The theory of sum frequency generation has been examined in
detail elsewhere and thus will be only briefly outlined
here.*"®** In a typical vibrational sum frequency generation
spectroscopy experiment, two optical beams, one of fixed
narrowband visible frequency @, and one of tunable and/or
broadband infrared frequency wy, are overlapped spatially and
temporally at an interface. This generates a third coherent
optical beam from the surface with a frequency equal to the
sum of the two incident frequencies (wgs = Wy, + @), the

intensity of which is given by6’24_27

I(wgg) U(e(é)Evis(wvis)ElR(wlR)lz (1)

where E (@) and Er(wy) are two incident electric fields.
The effective nonlinear susceptibility 2% takes the form of

){e(f?) = [é(a)SF)'L(wSF)] 'Z(Z)i[L(a)ws)'é(wvis)]

X [L(og)-é(or)] (2)

where (@) and L(w) are the unit polarization vectors and
Fresnel factors at frequency w, respectively, and 7@ is the
nonlinear susceptibility tensor. * can typically be decom-
posed into a sum of resonant () and nonresonant (3\3)
terms:

2% =1+ AR 3)

The nonresonant portion of the susceptibility may result
from both the interfacial molecules and the media on either
side of the interface, and is typically considered to be the result
of electronic transitions. The resonant portion of the nonlinear
susceptibility results solely from the interfacial molecules and is
a measure of their response to the incident electric fields. More
specifically, y&) is defined as the macroscopic average of the
microscopic molecular hyperpolarizability elements S. The
elements of the resonant portion of 7 are thus given by

AN 2 RORORD, @
afy=abc

where N is the molecule number density, R(Q) is a rotation
transformation matrix used to transform from the molecular
coordinates (g, b, and c) to the laboratory coordinates (x, y, and
z) through the Euler angles (6, ¢, and ), and the operator ()
denotes an orientational ensemble average. The hyperpolariz-
ability elements take the form>**®

MopT,

1
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where @y is the frequency of the incident tunable infrared
beam, @, and I', are the frequency and damping constant of the
nth vibrational mode, respectively, and M,; and T, are the
Raman and infrared transition moments, respectively, of the nth
vibrational mode. The sum is over all vibrational modes of the
interfacial molecules.

In the case where {) is much larger than 72 the projection
of a particular vibrational mode on the laboratory axis can be
determined by monitoring the SFG response as a function of

the incident and generated Polarizations. However, when y is

equal to or smaller than )(I\%I){, it can be difficult to accurately
quantify each contribution, prohibiting orientation analysis.
This is the case for ReCnA/TiO,(001) when n = 1—4; we
speculate that this is due to a lower SFG response from the
ReCnA (n = 1—4) systems compared to the ReCOA system,
causing the resonant signal to be comparable to the
nonresonant response from the TiO, substrate. In this case,
phase-sensitive VSFG (PS-VSFG) can be used to distinguish
between the resonant and nonresonant contributions.

In the PS-VSFG detection scheme used in this study, the
phase and amplitude of the sample SF field are measured by
combining it with a stable broad “local oscillator” field, which is
separated by a time 7 with respect to the sample SF signal. The
intensity of the PS-VSFG signal is thus

i2n’wr|2

2 2
Ios.vseg = U(S( )EvisEIR + )(15) )EvisEIRe

= U(S(Z)EvisEmlz + l)(lE,Z)EvisEIRlz
+ 2Re [}(liZ)XS(Z)EViSZEIRZezanr]
(6)

The relevant spectral information is contained in the so-
called “cross-term”, given by the last term in eq 6. The cross-
term can be separated from the other contributions through
careful signal processing.””*° Specifically, the spectrum is first
inverse Fourier transformed into the time domain, where the
Re[y P VE  2E %] cross-term is separated from the other
terms by a time 7 and can thus be isolated by application of a
boxcar function. The result is then Fourier transformed back
into the frequency domain to yield
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In order to extract the relevant molecular information
contained in )(52), the resulting spectrum must be normalized
against a standard sample of known 27?. In this experiment, a
gold film was used. As gold has no resonances in the
investigated spectral region, its response is real and flat over
this wavelength range and 7Y can be considered a constant.
The sample spectrum can thus be normalized by the processed
gold spectrum to yield the 72 of interest:

)(IE,Z))(S(Z)EViSZEIRZeiZﬂMT 0 ){S(Z) o
2).2)p 2 2 2wt (2)e
){10 ;(Au Evis EIR e )(Au (8)

The e’ term is included to describe any phase difference
between the sample and gold spectra which can result from
slightly different positioning between the ReCnA/TiO, and
gold samples. This can be subsequently corrected by
application of a phasing factor.

The phase-sensitive detection scheme has the advantage that
72 is directly measured such that the real and imaginary parts
can be separated and investigated individually. This is vital to
our experiment because the imaginary component of )(gz)
contains the vibrational information, while the real component
is the derivative of the imaginary part plus any nonresonant
responses. The average conformation of the molecules on the
TiO, surface can then be deduced by modeling the imaginary
SEG spectra as a function of molecular orientation.

lll. EXPERIMENTAL AND COMPUTATIONAL
METHODS

A. Sample Preparation. Rutile (001) TiO, single crystals
were purchased from Commercial Crystal Laboratories, Inc.
Prior to initial use, the crystals were sonicated in piranha
solution (3:1 H,S0O,/H,0,) for 1 h, followed by a Milli-Q (18
MQ) water rinse. They were then placed in 1 M NaOH
solution for S min, followed by another Milli-Q rinse. The
crystals were then placed in 1 M HCI solution and exposed to
UV radiation for 10 min. After the UV treatment, the crystals
were rinsed with ethanol and immersed in an ethanol solution
of the molecular adsorbates of interest, typically overnight.
Prior to use, they were rinsed in ethanol to remove any
nonadsorbed molecules remaining on the TiO, surface and
allowed to dry in air. After preparation, the sensitized samples
were stored in a dark, dry environment in order to preserve
sample integrity for as long as possible.

B. Vibrational Sum Frequency Spectroscopy Setup. A
detailed description of our experimental setup has been
described elsewhere.”® Briefly, the setup is based on a 1 kHz
Spitfire Ti:sapphire regenerative amplifier system (Spectra
Physics) producing 150 fs pulses at 800 nm with a pulse
energy of 4 mJ. Half of the fundamental was used to pump a
TOPAS-C OPA (Light Conversion) producing tunable IR
pulses with energies of 10—20 yJ and a bandwidth of ~200
cm™". The remaining 2 mJ of 800 nm was filtered with a
narrowband interference filter (CVI FO1-800-UNBLK-1.00) to
narrow the spectral bandwidth to ~12 cm™ (1 nm) centered at
799 nm. The visible pulses were filtered to 2—10 uJ and
combined with the IR at the sample. The polarization of the IR
and visible beams was controlled to be p-polarized with
polarizer/half-waveplate combinations. The reflected IR, visible,
and SFG beams were then collected by a spherical mirror and
refocused onto a piece of y-cut quartz in order to generate the

local oscillator signal. A 2 mm thick CaF, window was used to
delay the sample SFG beam by approximately 3.8 ps with
respect to the local oscillator. The local oscillator and signal
beams were collimated and filtered to remove any remaining
visible and IR light before being focused onto the entrance slit
of the imaging spectrograph (Acton Instruments SpectraPro
300i, 1200 groove/mm grating) and detected with an air-cooled
CCD camera (Princeton Instruments VersArray 512B, 512 X
512 pixels) operating at —40.0 °C. Nonresonant PS-VSFG
spectra from gold were obtained prior to collecting data for
ReCnA/TiO,(001) and used to reference the ReCnA/TiO,
spectra. Homodyne-detected measurements could be per-
formed using this setup by simply removing the local oscillator
and CaF, phase plate.

C. Computational Methods. SFG Spectrum Simulation.
The detailed information for simulating the SFG spectra using
the ab initio parameters of polarizability derivatives and dipole
moment derivatives with respect to normal mode coordinates
can be found in our previous work.*" In particular, the y.q signal
here is calculated for the polarization combination of PPP,°
referring to P-polarized sum-frequency field, P-polarized E;,
and P-polarized Ejp in eq 1. For the SFG simulation, energy
minimization and normal-mode analysis were performed for
ReCOA at the density functional theory level, using the B3LYP
functional and the LAN2DZ basis set. Dipole derivatives of
each vibrational mode were obtained using the keyword
“iop(7/33=1)” during a frequency calculation, and polarizability
derivatives were obtained by performing the Raman vibrational
analysis with the “polar” keyword. All of the above calculations
were performed using the Gaussian 09 program.**

ReCnA/TiO, Binding Conformation Search and Geometry
Optimization. We first oriented the plane of the bipyridine
chromophore (without the Re metal, Cl and CO ligands) near
the predicted orientation deduced from the PS-VSFG spectra
within a reasonable distance with respect to the rutile
TiO,(001) surface. The TiO,(001) surface was represented
by a three-dimensional periodic slab with a vacuum in the [001]
direction. Next, an optimization of the anchoring groups (i.e.,
—CH,— and —COO~) with MM+ force field implemented in
the Hyperchem computational package®® was performed. The
final structure was used as an initial guess for a full optimization
using the density functional tight-binding (DFTB) theory
im;)lernented in DFTB+ computational code,>* with the tiorg-0-
1*° and mio-0-1°° DFTB parameter sets. After optimized at the
DFTB level, DFT calculations were performed with the Vienna
Ab Initio Simulation Package.37 The PW91/GGA density
functional®® was used to describe electron exchange and
correlation. A plane-wave basis truncated with a 400 eV cutoff
was used in all calculations as well as a single k-point sampling
and ultrasoft Vanderbilt pseudopotentials.®® The default
convergence criteria were used for both the electronic energy
and nuclear geometry optimizations.

IV. RESULTS AND DISCUSSION

The homodyne- and phase-sensitive-detected VSFG spectra of
the ReCOA complex on TiO,(001) in the carbonyl stretching
region are shown in Figure 2. The FTIR spectrum of ReCOA on
nanoporous TiO, is shown for comparison and exhibits three
carbonyl bands: an in-phase symmetric a’(1) stretch v at 2040
cm™" and an unresolved band consisting of an antisymmetric a”
stretch v, (centered at ~1939 cm™') and out-of-phase
symmetric a’(2) stretch v; (centered at ~1910 cm™!) 404
These carbonyl stretches are illustrated in Figure 3. The
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Figure 2. (top) FTIR spectrum of ReCOA on nanoporous TiO,.
(middle) Homodyne-detected and (bottom) phase-sensitive-detected
VSFG spectra of ReCOA on single crystal TiO,(001). Spectra are offset

for clarity.

c
- 7
CI-—\R G0 ou—\Re/"“‘czo CI——\R/‘“‘"CZO
/ /

Vi Vo V3
Figure 3. The three carbonyl stretches of ReCnA probed here: an out-
of-phase symmetric a’(2) stretch (1), an antisymmetric a” stretch
(1), and an in-phase symmetric a’'(1) stretch (vs).

homodyne SFG spectrum displays an intense peak at 2040
cm™' with no other features observed at our signal-to-noise
level. We assign this band to the a’(1) carbonyl stretch, and the
band position is in good agreement with the FTIR spectrum. In
the PS-VSFG spectra, the imaginary component reproduces the
2040 cm™" feature again with no other bands observable at our
signal/noise level. The real component of the PS-VSFG
spectrum is the derivative of the imaginary spectrum, as
would be expected for a homogeneous vibrational transition
with no nonresonant contributions. The good agreement
between the homodyne and phase-sensitive VSFG spectra
indicates that the alternative detection scheme employed in PS-
VSFG does not affect the experimental results.

The normalized PS-VSFG spectra of ReCnA (n = 0—4) are
shown in Figure 4. Although ReCOA only exhibits the a’(1)
carbonyl stretch at 2040 cm ™, the imaginary spectra of all other
complexes show peaks at 2030 and ~1900—1925 cm™'. We
assign the 2030 cm™' band to the totally symmetric a’(1)
carbonyl stretch. The redshift of this mode for ReCnA (n = 1—
4) compared to ReCOA has been noted previously and can be
attributed to increased electron density on the Re(I) metal
center due to the insertion of the CH, spacers.*” These spacers
reduce the amount of electron delocalization into the
carboxylate groups on the bipyridine ligand, thereby decreasing
its electron withdrawing capabilities and increasing the electron
density on the metal center.

— real
ReCOA  imaginary

B ReClA
M

ReC3A

Intensity (a.u.)

ReC4A

1 1 1 |
1900 1950 2000 2050
Wavenumber (cm ')

Figure 4. PS-VSFG spectra of ReCnA (n = 0—4) on single crystal
TiO,(001). Spectra are offset for clarity.

The hitherto unobserved low frequency band(s) can be
assigned to the a” and/or a’(2) modes. The significant SFG
activity of either mode indicates that the extra methylene
group(s) in the carboxyl linkers in ReCnA (n = 1—4) cause the
orientation of the molecule on the TiO,(001) surface to
substantially deviate from normal. The a’(1) mode is out of
phase relative to the a’(2) and a” modes, and they thus show up
as negative and positive peaks, respectively, in the PS-VSFG
imaginary spectra. For each ReCnA (n = 1—4) spectrum, the
real component of the phase-sensitive spectrum consists of the
derivative of the imaginary spectrum on a broad, offset
background, consistent with a large nonresonant response.
The phase-sensitive detection scheme allows for the efficient
separation of these two components, and thus a quantitative
orientation analysis can be performed.

In order to determine the average molecular orientation for
each complex on the TiO,(001) surface, theoretical analysis
was performed on the basis of an ab initio simulation of the
imaginary traces of the PS-VSFG spectra corresponding to the
intensity of the PPP effective second-order susceptibility.®

The intensity ratio (R,,,) between the low frequency peak
(around 1915 cm™) and the high frequency peak (around 2030
cm™") for each complex in Figure 4 is listed in Table 1, together
with the estimated error. For ReCOA, R, is zero, as no peak
appears in the lower frequency peak region. For n = 1—4, the
two peaks show opposite phases, with varying ratios of
amplitudes.

Since the ReCnA complexes are attached to the TiO, rutile
(001) surface, the change in the intensity ratios must originate
from the orientation changes of the Re—bipyridine chromo-
phores. As shown in Figure 5, the orientation of the Re—
bipyridyl chromophores on the TiO, surface (represented by
the surface Cartesian coordinates X, Y, and Z) are determined
by three Euler transformation angles, 8, ¢, and v, respectively.
0 is the angle between the Z axis and the normal of the
bipyridyl plane (the c axis), y is the angle between the long axis
(the b axis) and the interaction line (the i axis) of the ab plane
and the XY plane, and ¢ is the angle between the i axis and the
Y axis. The specific molecular coordinate system within the
ReCnA chromophore is chosen here for the convenience of
illustrating the three orientation angles. The comparison to the
molecular coordinate system used in our previous work’® can
be found in the Supporting Information. Due to the C,
symmetry of the rutile (001) surface, the Re—bipyridyl
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Table 1. Intensity Ratios (Ramp) of the Low-Frequency Peak around 1915 cm ™' Relative to the High-Frequency Peak around

2030 cm ™' for the ReCnA Complexes Shown in Figure 4

ReCnA, n = 0 1
Rimp 0+ 0.01 —1.84 + 0.17

2 3 4
—1.06 + 0.0S —297 £ 0.11 —122 + 0.07

Figure 5. Schematic illustration of the orientation angles of a Re—
bipyridine chromophore on the TiO, rutile (001) surface. Axes X, Y,
and Z represent the Cartesian coordinates of the TiO, surface, and
axes 4, b, and ¢ represent the Cartesian coordinates of the Re—
bipyridine plane. Orientation angles 6, ¢, and y are the Euler
transformation angles between the two Cartesian coordinates. The i
axis is the interaction line between the ab plane and the XY plane.

complexes can be distributed isotropically around the Z axis;
thus, ¢ has an even distribution in the range 0—360°. The 6
and y angles are to be determined for each complex.

We simulated the phase-sensitive spectra by independently
scanning every 2° for the @ and y angles, and thus obtained the
R,y value for each simulated spectrum. A two-dimensional
contour plot of R, versus & and y is shown in Figure 6a,
where the illustrated isolines 1—4 correspond to the
experimental R, values of ReCnA with n = 1—4, respectively.
For each ReCnA, all of the (6, ) angles along the isoline are
possible orientation angles. To identify which set of (6, w)
along the isoline can give a simulated PS-VSFG spectrum that
agrees the best with the experimental spectrum, we divided the
variational range of € (0—180°) into smaller domains by
scanning 6 every 15°. For a particular 6, the variation of R, vs
w is shown in Figure 6b (a similar plot with an interval of 2° for

0 is provided in the Supporting Information), and for each
ReCnA, a finite set of possible (6, w) angles are identified by
the interaction points between the predicted R,,,, trend lines
and the experimental R, line. For example, for R,,,, = —1.22
in ReC4A, all the possible (6, y) are (45°, 40°), (60°, 45°),
(75°, 40°), (90°, 34°), (105°, 27°), and (120°, 8°).

For each ReCnA (n = 0—4), the experimental PS-VSFG
spectrum was compared to the simulated spectra for the finite
set of (6, w) angles, and the particular set of (6, y) whose
simulated spectrum best matched the experimental spectrum
yielded the proper orientation angles. The proper orientation
angles for all the ReCnA (n = 0—4) complexes are given in
Table 2. On the basis of the experimental errors of R, (see

Table 2. The Deduced Effective Orientation Angles (6, )
for a Series of ReCnA (n = 0—4) Complexes Assuming a
Delta Function Distribution of Angles®

ReCnA,
n= 0 1 2 3 4
[ 75 + 2° 105 + 2° 75 +2° 45 +1° 45 +1°
n 15 +2° -15 +2° 1IS+2° 45+1° 45=+1°
W 0+1° 33+1° 37+1°  S4+1° 40=%1°

“n is the complementary angle of €. The errors of the angles were
estimated on the basis of the experimental errors of R,

Table 1 and Figure 6b), the error in y was estimated, which is
+1° for all of the ReCnA complexes. We also estimated the
error in @ at the proper angle points by examining the spectral
changes as 0 varies, and the error is +2° (see Table 2). The
estimated errors for 6 and y are relatively small because R, is
very sensitive to the variation of € and y for our ReCnA (n =
0—4) systems. It should also be noted that, in the analysis
above, we have assumed a delta function distribution of the

orientation angles. As will be discussed below, there likely exist

10 20 30 40 50 60 70 80 90
v(®)
(a)

)
o 30° |-
a 25°
o 60°
> 75°
& 90° =5
o 105°
120°F=7]

© ReCOA

(b)

Figure 6. (a) Two-dimensional contour plot of R,,, (i.e, intensity ratios of the lower frequency peak around 1915 cm™" to the higher frequency
peak at 2030 cm™') versus orientation angles & and w;, obtained directly from simulated PS-VSFG spectra by scanning every 2° for 6 and v,
respectively. The solid isolines 1—4 correspond to the experimental R,,, values of ReCnA with n = 1—4, respectively. (b) Dependence of R,,, on y
by scanning € every 15°. The dashed lines illustrate the experimental R,,, values, and the two nearest blue lines parallel to a dashed line illustrate the
error of the experimental R,,. The arrows point to the particular sets of & and y that yield the best-matching simulated spectra relative to the

experimental spectra.
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multiple conformations of adsorbates when n is large.
Therefore, the deduced @ and y are the “effective” average
angles for the orientations of an ensemble of ReCnA molecules
on TiO, surfaces and their error bars do not reflect the range of
all the possible orientation angles. To account for the
distribution of orientation angles, we will perform compre-
hensive computational sampling of all the possible conforma-
tions (e.g, based on force-field molecular dynamics) in our
future works.

The simulated SFG spectra with the proper orientation
angles are shown in Figure 7, along with the corresponding

— calc
ReCOA - exp
_____ i <
\\
ReClA

277\ ReC3A

-

Intensity (a.u.)
|
I

=~

/%

1 . I L 1 - = - T

1900 1950 2000 2050
Wavenumber (cm™')

Figure 7. Simulated imaginary SFG spectra (blue solid traces) with the
proper orientation angles (6, ) for the ReCnA complexes (n = 0—4,
from top to bottom), compared to the experimental imaginary PS-
VSFG spectra (red dashed traces). Spectra are offset for clarity.

experimental PS-VSFG spectra. For each complex, we found
that the simulated SFG spectrum matched fairly well with the
experimental PS-VSFG spectrum. As shown by the deduced
orientation angles in Table 2, both 8 and y change as n
increases from 0 to 4. For the convenience of discussion, the #
angle (i.e., the angle between the ab plane and the Z axis, which
is complementary to ) is used as an equivalent to 6. 17 shows a
tendency to increase with the growth of n. For n = 0-2, 5
remains relatively small, varying in the range of 15° in
magnitude. For n = 3—4, 1 increases to 45°. The increase of 7
indicates that the Re—bipyridyl plane is tilted more toward the
TiO, surface. Additionally, the y~angle is 0° when n = 0. As n
increases from 1 to 4, the yrangle increases up to ~35° or
higher. For n =1 or 2, yis ~35°; for n = 3, yis 54°; and for n =
4, y is 40°.

We attribute the change in the orientation angles # and y to
a conformational change of the two linker groups in ReCnA,
where increasing the number of methylene groups in the linkers
enhances the tilt of the bipyridyl ring relative to the TiO,
surface. When n = 0, there is no —CH,— linker and the Re—
bipyridyl ring is directly attached to the TiO, rutile (001)
surface by the carboxylic anchoring groups. The conformation
of the two carboxylic groups on the surface should be very
similar, and thus, the length of the two anchoring groups (ie.,
from the bipyridyl ring to the TiO, surface) is nearly equal. In
this case, the y angle is zero, indicating the long axis of the
bipyridyl plane is aligned parallel to the horizontal XY plane,
while # = 15°, indicating the bipyridyl ring is tilted relative to
the Z axis by 15°. Indeed, for n < 3, Iyl = 15°, indicating a small
relative tilt of the bipyridyl ring. As n increases from 3 to 4, the
average conformation of the two linkers can become very

different as the o-bonds between —CH,— groups can rotate
freely. The length of the two linkers is thus unlikely to remain
equal. Hence, both y and 7 deviate considerably from zero. The
longer the linker groups become, the larger the length
difference between the linkers could be. As a result, both
and 7 increase to the range of 33—54° when n = 3 or 4,
indicating that both the short and long axes of the bipyridyl ring
are tilted significantly relative to the TiO, surface. Given the
larger number of possible conformations as the anchoring
groups lengthen, we speculate that there are also a greater
number of exhibited molecular orientations with increasing n.
Since the experimental PS-VSFG spectra are the average of all
molecular conformations, this may explain the spectral
broadening at ~1915 cm™" and poorer fit of the ReC3A and
ReC4A complexes compared to ReCnA (n = 1-2).

We sampled a few possible binding conformations for the
ReCnA complexes on the TiO, surface, and found the average
orientation angles deduced from the phase-sensitive SFG
spectra are indeed accessible. Figure 8 shows the optimized

Figure 8. Optimized binding structures of ReCnA (n = 0—4), with
orientation angles (6 and ) close to the average orientation angles
deduced from the PS-VSFG spectra (see Table 2).

binding structures for each ReCnA (n = 0—4) complex on the
TiO, rutile (001) surface, where the optimized orientation
angles (see also Table S1 in the Supporting Information) are
close to the deduced average angles in Table 2. The optimized
conformations show an increase in the orientation angles of the
complexes with increasing n, indicating that the ReCnA
complexes tilt progressively more toward the TiO, surface as
the methylene linkers lengthen. Additionally, Figure 8 illustrates
that, as n increases from 0 to 4, the conformation difference
between the two anchoring groups shows a tendency to
enlarge. As a result, both the short and long axes of the
bipyridyl plane are tilted considerably relative to the TiO,
surface. These results verify our anticipated correlation between
the bipyridyl ring tilt with the conformational change of the
anchoring groups.
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It should be pointed out that the simulated spectrum for
ReCOA consistently overestimates the contribution of the two
lower frequency modes. This experimental result is consistent
with our previous investigation of ReCOA on TiO,(001), in
which the two lower frequency modes were not observed in the
VSFG spectra.”® We speculated that this may be due to a near-
resonance effect originating from the nearby metal-to-ligand
charge transfer (MLCT) band at ~400 nm, which would
enhance the Raman cross section of the a’(1) mode but not the
a’(2) or a” modes.” On the basis of this, a simplified model of
the hyperpolarizability elements was used in the analysis. In the
current work, the hyperpolarizability elements of free
(unadsorbed) ReCOA were calculated directly according to eq
S, where the dipole and Raman polarizability derivatives were
determined as described above. An analysis of the Raman
polarizability derivatives as a function of the sum frequency
wavelength indicates a negligible resonance effect of the MLCT
transition, as seen in Figure S3 in the Supporting Information.
However, these calculations do not account for the effects of
the adsorption of ReCOA on TiO,, which causes a red-shift in
the MLCT transition (shown in Figure S4 in the Supporting
Information). This red-shift can be attributed to the
stabilization of the 7* orbital of bipyridine due to its strong
interaction with the empty d orbitals of the bonded Ti atoms.
This may push the system closer to near-resonance. These
effects are expected to be much less significant for the ReCnA
(n = 1—4) complexes, since the CH, spacer(s) reduce the
amount of electron delocalization into the carboxylate groups,
thus insulating the molecule from the effects of TiO,
adsorption. If the ReCOA/TiO, system is approaching near-
resonance as explained above, we can expect this to further
enhance the difference between the high and low frequency
modes, which is more consistent with the experimental results.
This may also explain the much larger signal size for ReCOA on
Ti0,(001) compared to ReCnA (n = 1—4).

B CONCLUSION

Phase-sensitive vibrational sum frequency generation spectros-
copy and density functional theory calculations have been used
to determine the adsorption geometry of a family of model
electrocatalysts, ReCnA (n = 0—4), on a single crystal
TiO,(001) surface. The imaginary SFG spectra for the
ReCnA family (n = 1—4) show phase-sensitive SFG peaks in
the regions of 2030 and 1915 cm™’, originating from a
combination of CO stretches. The intensity ratio (R,y,) of the
two peaks in each PS-VSFG spectrum is associated with the
average molecular orientation of the Re—bipyridyl complex
relative to the TiO, surface. On the basis of the experimental
R,p values and simulated SFG spectra with varying orientation
angles, the orientation angles for ReCnA (n = 0—4) have been
determined. These orientation angles were found to be closely
correlated with the increasing conformational difference
between the two anchoring groups as they lengthen.
Specifically, as the number of methylene groups in the
anchoring groups increases, the short and long axes of the z-
conjugated ring of the ReCnA complex tilt further toward the
TiO, surface. We attribute this to the fact that the average
conformation of the two linkers can become very different as n
increases, as the o-bonds between —CH,— groups can rotate
freely. We additionally surmise that, given the larger number of
average conformations as the anchoring groups lengthen, it is
likely that there are a greater number of exhibited molecular
orientations with increasing #, all of which are sampled in the

PS-VSEG experiment. Increasing the length of the anchoring
groups thus produces a more tilted and likely less ordered array
of molecules on the semiconductor surface. This study
demonstrates the ability to prepare an electrocatalyst—semi-
conductor system with a preferred average molecular arrange-
ment based on the anchoring groups, though the ability to
select a specific tilt angle may come at the cost of reducing
overall systematic ordering.
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