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CONSPECTUS: Rhenium and manganese bipyridyl tricarbonyl complexes have attracted
intense interest for their promising applications in photocatalytic and electrocatalytic CO2
reduction in both homogeneous and heterogenized systems. To date, there have been
extensive studies on immobilizing Re catalysts on solid surfaces for higher catalytic
efficiency, reduced catalyst loading, and convenient product separation. However, in order
for the heterogenized molecular catalysts to achieve the combination of the best aspects of
homogeneous and heterogeneous catalysts, it is essential to understand the fundamental
physicochemical properties of such heterogeneous systems, such as surface-bound
structures of Re/Mn catalysts, substrate−adsorbate interactions, and photoinduced or
electric-field-induced effects on Re/Mn catalysts. For example, the surface may act to
(un)block substrates, (un)trap charges, (de)stabilize particular intermediates (and thus
affect scaling relations), and shift potentials in different directions, just as protein
environments do. The close collaboration between the Lian, Batista, and Kubiak groups
has resulted in an integrated approach to investigate how the semiconductor or metal
surface affects the properties of the attached catalyst. Synthetic strategies to achieve stable and controlled attachment of Re/Mn
molecular catalysts have been developed. Steady-state, time-resolved, and electrochemical vibrational sum-frequency generation
(SFG) spectroscopic studies have provided insight into the effects of interfacial structures, ultrafast vibrational energy relaxation,
and electric field on the Re/Mn catalysts, respectively. Various computational methods utilizing density functional theory
(DFT) have been developed and applied to determine the molecular orientation by direct comparison to spectroscopy, unravel
vibrational energy relaxation mechanisms, and quantify the interfacial electric field strength of the Re/Mn catalyst systems.
This Account starts with a discussion of the recent progress in determining the surface-bound structures of Re catalysts on
semiconductor and Au surfaces by a combined vibrational SFG and DFT study. The effects of crystal facet, length of anchoring
ligands, and doping of the semiconductor on the bound structures of Re catalysts and of the substrate itself are discussed. This is
followed by a summary of the progress in understanding the vibrational relaxation (VR) dynamics of Re catalysts covalently
adsorbed on semiconductor and metal surfaces. The VR processes of Re catalysts on TiO2 films and TiO2 single crystals and a
Re catalyst tethered on Au, particularly the role of electron−hole pair (EHP)-induced coupling on the VR of the Re catalyst
bound on Au, are discussed. The Account also summarizes recent studies in quantifying the electric field strength experienced
by the catalytically active site of the Re/Mn catalyst bound on a Au electrode based on a combined electrochemical SFG and
DFT study of the Stark tuning of the CO stretching modes of these catalysts. Finally, future research directions on surface-
immobilized molecular catalyst systems are discussed.

1. INTRODUCTION

Molecular catalysts for CO2 reduction have been extensively
explored in recent years because of their potential application
to reduce the atmospheric carbon footprint and provide
sustainable alternative fuels.1,2 In particular, rhenium bipyridyl
tricarbonyl complexes have shown efficient and selective
catalytic activities in the photocatalytic and electrocatalytic
reduction of CO2 to CO.1,3−6 Re catalysts immobilized on
solid surfaces have attracted increasing interest in recent years
since they offer enhanced activity, reduced loading, and
convenient product separation.7−10 In such heterogenized
systems, the electronic structure of the electrode and the

strong electric field at the double layer play critical roles in
affecting the adsorption configuration, energetics, and vibra-
tional energy flow at interfaces, thus significantly affecting the
reactivity and stability of adsorbed species. It is therefore of
great interest to unravel the nature of the fundamental
substrate−adsorbate interactions responsible for regulating
catalytic mechanisms. Such an understanding would be
particularly valuable for the development of molecular catalysts
with higher activity, selectivity, and stability at interfaces.
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Because of the high sensitivity of the CO stretching modes
to the solvation environment and electronic structure of the Re
center,11−13 surface-sensitive vibrational spectroscopic meth-
ods, such as attenuated total reflection infrared (ATR IR) and
two-dimensional infrared spectroscopy, have been demon-
strated to be powerful techniques for probing surface-
immobilized molecular catalysts.14−20 As an intrinsic surface-
selective technique, vibrational sum-frequency generation
(SFG) spectroscopy21 offers an alternative robust spectro-
scopic approach with submonolayer sensitivity to investigate
Re catalyst monolayers, providing information on the
molecular orientation at various surfaces and interfaces.22−26

Additionally, time-resolved SFG (TR-SFG) spectroscopy can
probe ultrafast interfacial dynamics of the adsorbed catalysts,
providing valuable information on the rates and mechanisms of
energy and charge transfer at interfaces.27−30 Complementing
electrochemical measurements with in situ SFG spectroscopy
can provide insight into redox reaction intermediates of the
catalysts31 as well as the effect of electric field on electrolyte−
electrode interfaces.25,32,33 Supplementing SFG measurements
with computational methods offers insight into the bound
structures of molecular catalysts and the mechanisms of
vibrational energy relaxation and photo- and electrocatalytic
reactions, providing a more complete molecular picture of the
processes at the catalyst−substrate interfaces.
In this Account, we summarize recent experimental and

theoretical studies of a family of heterogenized Re catalysts
(Scheme 1), including catalysts on semiconductor and metallic
surfaces. We show how various factors, including the crystal
facet, length of the anchoring ligand, and doping levels in
semiconductors influence the binding geometry of Re catalysts
on various substrates, thus modulating the adsorbate−substrate
interactions.22−24,34−36 We further describe the effect of the
anchoring group, crystalline structure of the TiO2 substrate,
and electron−hole pair coupling of Au surfaces on the
vibrational energy relaxation of Re catalysts at interfaces, a
fundamental process that plays an important role in controlling
the vibrational energy transfer pathways, reactivity, and
stability of intermediates.27,28,30 Toward understanding the
electrocatalytic mechanism, we also discuss the electric field
strength experienced by the surface-bound Re catalyst and
closely related Mn catalyst attached to Au electrodes by
studying the Stark tuning of their CO stretching modes.25

2. VIBRATIONAL SFG SPECTROSCOPY
Since in the literature there exist many excellent reviews on
SFG, here we present a brief introduction to the basic concepts
of SFG and experimental setup implemented in Lian’s group,
referring the interested reader to more detailed referen-

ces.21,37,38 Vibrational SFG is a second-order nonlinear optical
process in which a tunable IR laser beam with frequency ωIR
and a visible laser beam with frequency ωvis are spatially and
temporally overlapped at an interface to generate the SFG
signal at frequency ωSFG = ωIR + ωvis (Figure 1A). Because
SFG is a second-order process, the SFG intensity is related to
the second-order nonlinear susceptibility χ(2) of the sample,
which for an adsorbate on a surface can be modeled by a
Lorentzian model:39
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In the previous equation, An, ωn, and Γn represent the
amplitude, frequency, and line width (half width at half-
maximum, HWHM) of the resonant nth vibrational mode of
the adsorbate, whereas ANR and ϕ represent the amplitude and
phase of any nonresonant susceptibility. Under the electric
dipole approximation, the SFG process is forbidden in media
with inversion symmetry (χ(2) = 0) but is allowed in media
where inversion symmetry is broken (χ(2) ≠ 0). Therefore,
SFG is ideal for probing the structure and dynamics of
molecules at various surfaces and interfaces because of its
intrinsic interface selectivity and submonolayer sensitivity.
Moreover, because at the microscopic level the amplitude of
the resonant nth vibrational mode An is related to the
hyperpolarizability tensor of the molecule, β, which in turn
depends on the absolute orientation of the molecule on the
surface, comparison of the SFG intensities measured with
different polarization combinations of the IR, visible, and SFG
beams allows one to obtain orientational information.21

The femtosecond broadband SFG laser system used in
Lian’s group for the studies of heterogenized molecular
catalysts is presented in Figure 1B. A Spitfire Ti:sapphire
regenerative amplifier system produces 150 fs pulses at 800 nm
(1 kHz, pulse energy 4 mJ). Half of the 800 nm output is used
to make a narrowed-band beam (∼10 cm−1) by a pulse shaper.
The other half of the 800 nm output is used to pump an optical
parametric amplifier (TOPAS-C), producing tunable IR pulses
with a bandwidth of ∼200 cm−1. Both pulses are focused on
the surfaces of self-assembled monolayers (SAMs) of Re
catalysts, which are prepared by overnight immersion of the
semiconductor or metallic substrate in a stock solution of the
catalyst. The reflected sum-frequency signal is collimated and
refocused onto the slit of a 300 mm monochromator and
detected with a liquid-nitrogen-cooled charge-coupled device
(CCD) operating at −120 °C. The ppp polarization
combination (p polarization for SFG, visible, and IR, as
schematically shown in Figure 1B) is used for most
measurements. To study the vibrational relaxation dynamics
of molecular catalysts on substrates, TR-SFG can be used,
where part of the IR output from the optical parametric
amplifier is used as a pump beam (Figure 1B) to excite the
catalyst. The pump IR beam is sent through a computer-
controlled delay stage to control the timing of the IR pump
pulse relative to the SFG probe pulse pair, and a chopper
blocks every other pump pulse to produce pumped and
unpumped SFG signals. The difference SFG spectrum
obtained as the difference between the pump-on and pump-
off signals is recorded as a function of delay time, and the
kinetics is modeled to reveal the ultrafast population changes
of the CO stretching modes.

Scheme 1. Rhenium Catalysts Examined in This Work
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The total signal from conventional SFG measurements,
given by eq 1, contains both the real and imaginary parts of the
molecular responses and nonresonant contributions of the
substrate as well as the cross terms of these signals, resulting in
complex SFG signals that can be difficult to interpret. This
complexity can be removed by phase-sensitive (heterodyne-
detected) SFG (PS-SFG) measurements (Figure 1C) to obtain
the imaginary part of the second-order susceptibility:37
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PS-SFG measurements have two advantages over common
SFG. First, the imaginary spectra obtained by phase-sensitive
SFG avoid complicated interference between adjacent vibra-
tional modes. Second, the nonresonant contribution generated
from the substrate can be removed without relying on spectral
fitting.37 These features are beneficial for determining the
binding geometry of surface-immobilized Re catalysts. The PS-
SFG measurement is performed by interference of the SFG
signal of a Re catalyst sample or a reference sample with the
SFG signal of a bare gold film following published procedures
(Figure 1C).37

Electrochemical SFG measurements of molecular catalysts
immobilized on gold electrodes were carried out in a home-
built chamber (Figure 1D).33 A glass dish placed in the
chamber was used as an electrochemical cell. The Au slide was
attached by conducting copper tape and used as a working
electrode. The copper tape was isolated from the electrolyte by
epoxy resin. A 2 mm thick CaF2 plate was used as the cell
window and pressed on the surface of the Au slide. The
distance between the CaF2 window and Au surface was
controlled by a 25 μm Teflon spacer. The plastic chamber was
purged with nitrogen for ∼15 min before the electrolyte
solution (∼10 mL) was injected into the electrochemical cell

through a rubber stopper embedded in the plastic chamber.
The plastic chamber was continuously purged with nitrogen
during the SFG measurements.

3. INTERFACIAL STRUCTURES OF
SURFACE-IMMOBILIZED RE CATALYSTS

When a molecular catalyst is immobilized on a surface, its
efficiency and reaction pathways can be affected by particular
adsorbate−substrate interactions that govern the interface
electronic properties and the configuration of the catalytically
active site.6,8,40−43 Hence, understanding how the crystal facet
and the nature of the anchoring ligands can affect the
interfacial molecular geometry is of crucial importance to the
design of efficient and robust molecular catalysts. By
combining SFG spectroscopy and DFT calculations, we have
elucidated interfacial structures of Re catalysts covalently
attached to single-crystal semiconductors and metals, thus
unraveling the effects of the substrate, crystal facet, anchoring
group, and anchoring chain length on the binding geometry of
the adsorbates.
3.1. Re Catalysts on TiO2 Surfaces

Because of the atomically flat and well-characterized nature of
crystalline TiO2 surfaces as well as the importance of TiO2 in
electrocatalysis and photocatalysis applications,8,44 Re catalysts
self-assembled on single-crystalline TiO2 surfaces offer an
opportunity to investigate how the TiO2 surface affects the
binding geometry of the Re catalyst. Our first efforts were
focused on characterizing the interfacial structure of Re(4,4′-
dicarboxy-2,2′-bipyridine)(CO)3Cl (ReC0A), a Re catalyst
with a simple carboxylate anchoring group, bound to a single-
crystalline high-symmetry TiO2 rutile surface.34 Figure 2A
shows the SFG spectra for three polarization combinations for
ReC0A on the TiO2(001) surface along with the Fourier
transform infrared (FTIR) spectrum of ReC0A on nanoporous

Figure 1. Experiemental setups for SFG measurements. (A) Energy level diagram of an SFG process. (B) Schematic of the femtosecond broadband
SFG system implemented in Lian’s group. A Spitfire Ti:sapphire regenerative amplifier produces 150 fs pulses at 800 nm (1 kHz, pulse energy 4
mJ). (C) Phase-sensitive SFG setup. (D) Sample chamber used for the electrochemical SFG measurements. (C) and (D) were adapted from refs
35 and 33, respectively. Copyright 2018 and 2017, respectively, American Chemical Society.
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TiO2. The FTIR spectrum is characterized by the three CO
stretching modes (Scheme 2) typical of the Re metal carbonyl,

whereas in the SFG spectra only the symmetric stretching can
be observed in certain polarizations, highlighting the orienta-
tional selectivity of SFG spectroscopy.39 The azimuthal-angle-
dependent SFG intensity, shown as a polar plot in Figure 2B,
reveals that ReC0A molecules are isotropically arranged on the
(001) surface, consistent with the C4 symmetry of the (001)
surface.24 An orientational analysis based on the polarization
dependence of the a′(1) mode peak intensity with the ppp and
sps polarizations (Ippp/Isps) yields a tilt angle θ between the
bipyridine ring and the surface normal of ∼0−22°. This
orientation is confirmed by DFT calculations of a ReC0A
molecule on a model TiO2 slab, which predicts that both
bidentate (Figure 2C) and tridentate (Figure 2D) binding
modes can be found on the surface with tilt angles that lie
within the experimental range. Since in the electrocatalytic
cycle of Re complexes a key mechanistic step is reduction of
the Re complex followed by loss of the Cl atom to form a ReI

species that can react with CO2,
45 the vertical binding

geometry of ReC0A on TiO2(001) would leave the Re center
atom well exposed to the solution and would be beneficial to
obtain maximum reductive capacity of the catalyst.
To investigate how the nature of the anchoring group affects

the orientation of the catalyst, we analyzed by PS-SFG
spectroscopy (Figure 1C) a series of Re complexes with
anchoring groups of various lengths (Re(CnA)(CO)3Cl [CnA
= 2,2′-bipyridine-4,4′-(CH2)nCOOH, n = 0−4]) immobilized
on the TiO2(001) surface.

22 Figure 3A shows the normalized
experimental PS-SFG spectra of ReCnA. Although ReC0A
exhibits only the a′(1) mode around ∼2040 cm−1 (consistent
with the homodyne spectra shown in Figure 2A), all of other
complexes also show an additional broad peak around ∼1900−
1925 cm−1 assigned to the a′(2) and a″ modes. The significant
difference in the SFG spectra of these complexes indicates that
the methylene groups in the hydrocarbon linkers of ReCnA (n
= 1−4) cause the orientation of ReCnA to deviating
substantially from the normal orientation found for ReC0A
on the rutile TiO2(001) surface (Figure 2C,D). By
combination of ab initio simulations of the PS-SFG spectra
(Figure 3A) with a conformational search, the average
molecular orientation of ReCnA on the TiO2(001) surface
was determined. We found that bipyridine ring of the Re
complexes tilts progressively further toward the TiO2(001)
surface as the number of methylene groups increases (Figure
3B).22 We anticipate that exposure of the Cl catalytically active
site to the substrate CO2 in solution should enhance catalysis
while blocking of the CO2 binding site by the surface likely
suppresses the reactivity. These results demonstrate that the
molecular orientation of Re catalysts covalently bound to
semiconductor surfaces could be designed by tailoring the
length of the anchoring groups, though one needs to consider
the increased disorder when the anchoring groups are longer.
To explore the effect of the symmetry of the underlying

substrate on the molecular arrangement of Re catalysts, we also

Scheme 2. Three Carbonyl Stretching Modes of the Re
Catalysts (from Low to High Frequency): Out-of-Phase
Symmetric Stretch, a′(2); Antisymmetric Stretch, a″; In-
Phase Symmetric Stretch, a′(1)

Figure 2. Combined SFG and DFT study of ReC0A on the rutile TiO2(001) surface. (A) SFG spectra of three polarization combinations and the
FTIR spectrum of ReC0A adsorbed on a TiO2 thin film. (B) Polar plot of the experimental azimuthal dependence of the amplitude of the a′(1)
mode. (C, D) Calculated adsorption geometries. Adapted from refs 34. and 24. Copyright 2011 and 2016, respectively, American Chemical Society.
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studied ReC0A adsorbed on the rutile TiO2(110) surface,
which has C2 symmetry.24 Quantitative analysis of the
azimuthally dependent SFG responses can reveal the molecular
orientation on single-crystalline surfaces (Figure 4A,B).46,47

Our SFG results support that ReC0A molecules are anisotropi-
cally arranged on the TiO2(110) surface, as is evident from the
asymmetric polar plot obtained for the a′(1) and a′(2)
stretching modes (Figure 4C). DFT calculations indicate that
the binding structure of ReC0A is strongly affected by the
TiO2 atomic arrangement and water on the (110) surface. The
structure with ReC0A binding along the [1̅10] axis is found to
be energetically more favored than that along the [001] axis
because of hydrogen bonding between the COOH group and
the nearest OH group (Figure 4D). Interestingly, we found

that a dimer structure of the catalyst rather than a monomer
structure matches the experimental SFG anisotropy trends
(Figure 4C,E), suggesting that Re catalysts may form
aggregates on the TiO2(110) surface, similar to those observed
for Re catalysts adsorbed on TiO2 nanoparticles.16,18 The
significantly different surface arrangements of ReC0A on the
(001) and (110) surfaces indicate that the molecular binding
geometry can be controlled through careful selection of the
substrate.

3.2. Re Catalysts on Doped SrTiO3(100)

Photoelectrochemical reduction of CO2 by the combination of
a Re catalyst and a doped semiconductor electrode has been
demonstrated.48 In this regard, the understanding of the effect

Figure 3. Combined SFG and DFT study of the orientation of ReCnA on the rutile TiO2(001) surface. (A) Comparison of the imaginary parts of
the measured (dashed curves) and simulated (solid curves) SFG spectra for ReCnA complexes. Each simulated spectrum reveals the average
orientation angles (θ, ψ) that best fit the experimental spectrum. (B) Optimized binding geometry of ReCnA, with orientation angles close to the
values calculated from the PS-SFG spectra. Adapted from ref 22. Copyright 2012 American Chemical Society.

Figure 4. Combined SFG and DFT study of ReC0A on the rutile TiO2(110) surface. (A) Scheme of the SFG measurement with the ppp
polarization combination, where γ is the azimuthal angle. (B) SFG spectra of ReC0A/TiO2(110) at different γ. (C) Experimental and theoretical
azimuthal-angle-dependent amplitudes of the a′(1) and a′(2) modes of ReC0A on TiO2(110). (D) Binding geometry of ReC0A on (110) along
the [001] axis (I) and the [1̅10] axis (II). (E) Optimized dimer structure of ReC0A on the (110) surface. Adapted from ref 24. Copyright 2016
American Chemical Society.
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of doping on the adsorbate−substrate interaction could help in
the design of a heterogenized molecular catalyst system used
for photoreduction of CO2. Motivated by this premise, we
studied the effect of the doping level in a semiconductor on the
molecular structure of an adsorbed Re catalyst. We chose the
TiO2-terminated SrTiO3(100) single-crystal surface as a model
system since its surface structure is well-defined.35 Quite
remarkably, both the SFG intensity and the spectral shape for
the adsorbed ReC0A show a strong dependence on the doping
type and dopant concentration (Figure 5A). The SFG spectra
of ReC0A/Nb-doped SrTiO3 show much higher intensity and
almost reversed spectral shape compared with those of ReC0A
on either undoped or Fe-doped SrTiO3. From a fit of the
experimental result to the Lorentzian (eq 1), the difference can
be attributed to the stronger magnitude and different phase of
the SFG response from the Nb-doped SrTiO3 rather than to an
orientation change of the Re catalysts. These results were
confirmed by PS-SFG spectroscopy, which showed that all of
the spectra have similar features regardless of the dopant level
(Figure 5B), indicating similar catalyst binding geometries. To
understand the dependence of the SFG responses on the
doping level, DFT calculations were performed. The DFT
results showed that Nb doping populates the conduction band
of SrTiO3, which gives metallic properties to the otherwise
insulating SrTiO3. The change in the electronic properties of
the n-doped SrTiO3 results in a large nonresonant SFG
intensity that interferes with the SFG signals from ReC0A.
These results are significant since they indicate that a
molecular probe with a well-defined structure can be used to
probe the electronic properties of the underlying substrates,
and they pave the way for in situ vibrational spectroscopy
studies of the photoeletrochemical reaction of heterogenized
molecular catalysts on photoelectrodes.

3.3. ReCN and RediCN on Au

Because of the importance of metal interfaces for electro-
catalytic reduction of CO2 in both heterogeneous49,50 and
homogeneous2,51 systems, it is important to understand the

interfacial binding geometry of catalysts, as the orientation can
greatly affect electron transfer and substrate access to the active
site.52 As a first effort to develop an effective strategy for
anchoring Re complexes to metal electrodes, we investigated
the binding geometries of two Re electrocatalysts, Re(R-2,2′-
bipyridine)(CO)3Cl (R = 4-cyano, ReCN; R = 4,4′-dicyano,
RediCN), covalently bound on Au surfaces.23 Quite
interestingly, no current response for either immobilized
catalyst was observed in aqueous or organic solvents, most
likely because of the high overpotential of the complexes,
which led to dissociation of the adsorbed complexes from the
Au surface before any redox features could be observed. Under
no applied potential, however, the complexes were adsorbed
onto the surface, as determined by SFG. In Figure 6A,B we
present the SFG spectra of ReCN and RediCN, respectively,
on gold, which are characterized by a strong nonresonant
contribution of the gold. To determinate the geometry of the
complex under these conditions, DFT calculations and ab
initio SFG simulations of these catalysts on the (111) gold
model surface were performed (Figure 6C,D). The simulated
SFG spectra from the optimized structures (Figure 6C,D)
compare well with the experimental results and confirm that
for both complexes the bipyridine ligand is almost parallel to
the surface with the axial CO ligand near the surface. The
similar binding geometries of the two catalysts suggest that
only one cyano group is bonded to the Au surface. Although
these catalyst monolayers on the Au surface are not stable at
high negative potentials, this work demonstrates the
capabilities of our approach of combined SFG spectroscopy
and theoretical modeling to determine catalyst structures on
electrode surfaces.

4. VIBRATIONAL RELAXATION DYNAMICS OF
SURFACE-IMMOBILIZED RE CATALYSTS

The coordination of adsorbates to solid substrates often affects
the rates and mechanisms of energy and charge transfer and
thus the relative stability of catalytic intermediates.53−55

Therefore, detailed studies of those fundamental processes

Figure 5. SFG study of ReC0A on the doped SrTiO3 single-crystal (100) surface. (A) Comparison of measured (open circles) and simulated (solid
curves) SFG spectra of ReC0A adsorbed on doped SrTiO3(100) surfaces with indicated dopants and dopant concentrations. The spectra of
samples on undoped and Fe-doped SrTiO3 are scaled by 5. The fits are based on the Lorentzian model of eq 1. (B) Imaginary spectra of ReC0A
adsorbed on different SrTiO3 surfaces. These spectra have been normalized to have the same intensity of the a′(1) mode and displaced vertically
for clarity. Adapted from ref 35. Copyright 2018 American Chemical Society.

Accounts of Chemical Research Article

DOI: 10.1021/acs.accounts.9b00001
Acc. Chem. Res. 2019, 52, 1289−1300

1294

http://dx.doi.org/10.1021/acs.accounts.9b00001


on both semiconductor and metal surfaces are essential to gain
insights into the reaction dynamics of both photo- and
electrocatalytic systems. To this end, TR-SFG spectroscopy
(Figure 1B) provides a unique technique with surface
specificity and time resolution to investigate energy transfer
processes in the heterogenized molecular catalyst systems. To
explore the interfacial dynamics of adsorbed catalysts, we have
employed TR-SFG spectroscopy to examine the ultrafast
vibrational relaxation dynamics of Re catalysts adsorbed on
TiO2 and Au surfaces.27,28,30

As discussed in the previous section, the molecular binding
structure of Re catalyst is affected by the crystallographic facet
of the underlying TiO2 substrate. An interesting natural
question that arises from these findings is whether the
crystallographic facet or the molecular structure can also
influence the energy transfer process. We chose ReC0A on
TiO2(110) as a model system to study the energy transfer
process of the Re catalyst on the semiconductor surface. The
IR pump−SFG probe transient measurements show that the
population decay of the excited CO stretching modes consists
of an ultrafast initial component, associated with rapid
equilibration of populations among the three CO stretching
modes, and a longer-time-scale T1 (tens of picoseconds) in
which recovery of the ground vibrational state is obtained.28 In
comparison with that of ReC0A on a TiO2 nanoporous film,
the vibrational relaxation time T1 of ReC0A on TiO2(110)
turns out to be slightly longer, which may suggest a
dependence on the crystal facet. Petersen and co-workers
recently reported that T1 of ReC0A is dependent on the
crystallographic facet, as observed by TR-SFG of ReC0A on
the (001) and (110) surfaces of rutile TiO2.

29 The latter was
found to have a longer lifetime than the former, indicating
different couplings between the adsorbate and substrate. Two-
dimensional (2D) SFG measurements by the same group also
revealed structural heterogeneity of ReC0A monolayers on a
TiO2 nanostructured film.26,56

Since electron−hole pair (EHP) excitation is known to
influence the chemical dynamics of small molecules such as
carbon monoxide adsorbed on metal surfaces,57 it is crucial to
examine whether the energy transfer dynamics of the Re
catalyst can be influenced by the same process. To this end, we
used TR-SFG spectroscopy to investigate the vibrational
relaxation dynamics of RediCN self-assembled on Au.30 This
system was chosen because the RediCN molecule was found to
absorb on gold with its bipyridine ligand quite parallel to the
surface and axial CO close to the surface (Figure 6C,D).23

Similar to the ReC0A/TiO2 system, the kinetics of the CO
stretching mode vibrational relaxation of RediCN/Au exhibits
a biexponential decay (Figure 7A,B). The kinetics of the a′(1)
mode can be modeled as a fast component (τν−ν ≈ 2 ps) and a
slow component (T1 = 25 ± 2 ps), surprisingly similar to
analogous measurements in polar aprotic solvents that have no
high-frequency modes in resonance with the carbonyl
stretching modes.30 For the same catalyst system, Xiong and
co-workers also performed multidimensional SFG measure-
ments exploring the Re catalyst−Au interactions and the
interstate coherent dynamics and found that the surface can
introduce new homogeneous dephasing pathways.58,59

To further elucidate the energy transfer mechanism of
RediCN on Au, we performed a combination study of DFT, ab
initio molecular dynamics, and time-dependent perturbation
theory to calculate intramolecular vibrational relaxation times
and EHP coupling on Au. We found that the a′(2) mode
(Figure 7C) exhibits the shortest vibrational lifetime since in
this normal mode the axial carbonyl group interacts closely
with the surface. Therefore, that mode is the primary channel
for energy transfer by excitation of EHPs in the Au slab, which
has the same time scale as IVR. Additional pathways of energy
deactivation, such as phonon-induced relaxation, can be ruled
out by comparing the nearly identical kinetics of ReC0A
tethered to Au through a long alkanethiol linker (ReC0-Au,
Scheme 1) and ReC0A in DMF.27 These results have direct

Figure 6. ReCN and RediCN on Au electrodes. (A, B) SFG spectra of (A) RediCN and (B) ReCN SAMs adsorbed on Au thin films (black
circles). Red lines are ab initio-simulated SFG spectra. (C, D) DFT-optimized monodentate geometries for RediCN and ReCN, respectively.
Values indicated are the tilt angle (θ) and twist angle (ψ) of the bypiridine ring with respect to the normal. Adapted from ref 23. Copyright 2016
American Chemical Society.
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implications for catalytic functionality because EHP-induced
vibrational relaxation often alters the reaction mechanism of
adsorbed catalysts and might allow for additional control of
catalysis via light-driven EHP enhancement.60,61

5. ELECTRIC FIELD STRENGTH EXPERIENCED BY
SURFACE-IMMOBILIZED MOLECULAR CATALYSTS

Interfacial electric fields have been known to affect many
heterogeneous catalytic reactions62 by increasing reaction
rates,63 controlling selectivity,64 and increasing reagent
concentration.65 Moreover, in enzymatic systems, the strong
local electric fields at the active sites are known to facilitate the
catalytic reaction through stabilization of the intermediates.66

Thus, elucidating how the strong electric fields at the
electrolyte−electrode interface can modulate the catalytic
process of molecular catalysts is of critical importance and an
active area of research. A well-known method to probe the
local electric field of molecular systems is the vibrational Stark
effect,67,68 which is based on the fact that the vibrational
energy levels of a probe are (de)stabilized differently by an
applied electric field, and therefore, the applied electric field
will induce a frequency shift of the transition. The relation
between the vibrational frequency and the applied electric field
is given (to first order in the electric field) by68

F( ) ( )0 μω ϕ ω ϕ= − Δ · (3)

where ω0 is the frequency without the local electric field, F(ϕ)
is the potential-dependent local electric field, and Δμ is the
difference between the dipole moments of the ground and
excited vibrational modes. In the previous equation, we have
made explicit the dependence of the electric field on the
applied voltage of the electrochemical cell, ϕ, which is the
experimental controllable parameter. Hence, from measure-

ments of the applied-bias-dependent frequency ω(ϕ) and the
value of Δμ obtained from theoretical calculations or
experimental measurements, the interfacial electric field
strength can be quantified.
As a first step in the direction of understanding the effect of

the interfacial electric field on the activity of catalysts in
operando, we examined the local electric field at the
catalytically active metal center of Re(4-mercapto-2,2-
bipyridine)(CO)3Cl (ReS) and Mn(4-mercapto-2,2-
bipyridine)(CO)3Cl (MnS) SAMs bound on Au surfaces by
measuring the Stark tuning of the CO stretching modes by
electrochemical SFG spectroscopy (Figure 1D) and DFT
calculations.25 Figure 8A shows the SFG spectra of a SAM of
ReS catalyst on a Au electrode in the potential range of −1.3 to
0.3 V. Both the frequency and amplitude of the CO stretching
modes as well as the nonresonant SFG signal strongly depend
on the applied potential. The symmetric contour plot between
the anodic and cathodic sweeps of the potential demonstrates
that the monolayers undergo a reversible process. The best
linear fit of the frequency shift of the a′(1) mode between 0
and −1.0 V, where no catalytic evolution is observed, gives a
Stark tuning slope dω(ϕ)/dϕ of ∼20.8 cm−1/V (Figure 8B).
Additionally, the magnitude of the nonresonant signal presents
a minimum at ca. −0.2 V (Figure 8C), which can be assigned
to the potential of zero charge (PZC) of the Au/SAM/
electrolyte system, a potential at which the contribution of the
interfacial-electric-field-induced SFG signal is at a minimum.69

The Stark tuning rates Δμ for both catalysts on gold surfaces
were determined using DFT calculations by computing the
frequency-field dependence in the presence of a uniform
electric field perpendicular to the surface. We found that the
gold surface strongly modulates the Stark tuning rate for
configurations with the CO motifs facing the surface, akin to
the modulation of the vibrational energy relaxation observed in

Figure 7. Vibrational relaxation dynamics of RediCN on Au. (A) TR-SFG difference spectra of a RediCN SAM on a Au surface at different delay
times. (B) Kinetics at 2021 cm−1 (ground-state bleach/stimulated emission for the a′(1) mode), 1991 cm−1 (excited-state absorption for the a′(1)
mode), and 1920 cm−1 (ground-state bleach/stimulated emission for low-frequency modes). Symbols represent experimental data; solid curves
represent kinetic fits. (C−E) CO stretching modes of RediCN on the Au surface. Black and red arrows show atomic displacements for C and O,
respectively. Green squares highlight the axial CO, and the ab initio frequencies are given underneath. Adapted from ref 30. Copyright 2017
American Chemical Society.
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the previous section.30 Combining the DFT and the
experimental data shows that the electric field strength at the
active sites of both the Re and Mn complexes is on the order of
108−109 V/m, in agreement with previous studies on
molecular or ionic systems.32,33,70−72 It is noteworthy that
the magnitude of the electric field experienced by ReS and
MnS is similar to that of catalytically active sites of enzymes,
suggesting that electric effects similar to the ones found in
biological systems might occur in the electrocatalytic
systems.66 Unfortunately, no catalytic activity was examined
in this study because the catalyst desorbs at potentials more
negative than −1.0 V. This work suggests that with the
development of new anchoring strategies to stabilize the
catalysts at negative potentials, in situ electrochemical SFG
may enable studies of the effects of the electric field on the
reaction mechanism of surface-immobilized molecular cata-
lysts.

6. SUMMARY AND PERSPECTIVES

Surface-immobilized molecular catalysts represent a promising
approach for the rational development of efficient photo-
catalytic and electrocatalytic materials. However, in order to
achieve robust, efficient, and stable heterogenized molecular
catalysts, it is essential to understand their fundamental
physicochemical properties, such as surface-bound structures,
substrate−adsorbate interactions, and photoinduced or elec-
tric-field-induced effects on the catalysts. In this Account, we
have summarized our recent combined SFG spectroscopy,
theoretical modeling, and synthetic chemistry studies of Re
bipyridyl tricarbonyl molecular CO2 reduction catalysts with
various anchoring groups immobilized on semiconductor and
metal surfaces. We have focused mainly on three aspects of the
heterogenized molecular catalysts: (1) interfacial molecular
geometry, (2) interfacial energy transfer, and (3) interfacial
electric fields. Our results show that the binding structure of Re
catalysts can be significantly influenced by the crystallographic
facet of the surface as well as the nature and length of the
anchoring group, demonstrating that a particular orientation of
the complex can be achieved by a carefully tailored synthetic
design. Moreover, since different binding geometries can
modulate adsorbate−substrate interactions, the mechanisms of
energy and charge transfer can be modulated, as is evident
from the influence on the vibrational relaxation dynamics of
the Re catalyst due to the crystallographic facet of the substrate
or electron−hole pair excitations on gold. In a step toward
understanding the effect of the electric field on the activity of
catalysts, we also performed an in situ electrochemical SFG

study of Re and Mn catalysts adsorbed on Au, which revealed
that the catalysts experience electric fields of ca. 108−109 V/m.
The work presented here demonstrates that SFG is a

powerful probe of the molecular structure and dynamics of
adsorbed molecular catalysts. However, to tap the huge
potential of SFG as a molecular probe of photo- and
electrocatalytic processes at interfaces, a few shortcomings
need to be overcome. For example, SFG signals from
molecular catalyst SAMs adsorbed on semiconductor single-
crystal surfaces are usually too weak for time-resolved
measurements with optical excitation. The development of a
high-repetition-rate SFG system73 will be beneficial to enhance
the sensitivity of TR-SFG measurements, providing insight into
photoinduced dynamics processes, including charge transfer,
redox reactions, and the mechanism of photocatalytic CO2
reduction. On the other hand, in operando SFG measurements
are still challenging because of the strong IR absorption from
the solvent in the electrolyte layer (Figure 1D).31 The
development of an electrode that is transparent in both the
IR and visible regions,74 which allows internal reflection
measurements or novel SFG schemes, should be helpful to
overcome such problems and allow flexible integration of many
electrode materials.9,17 The integration of 2D SFG spectros-
copy, a powerful technique for investigating structure
heterogeneity and dynamics, vibrational relaxation, and
equilibrium exchange dynamics,26,56,58,75−77 with electro-
chemical measurements can provide further structural and
dynamical insights on immobilized molecular catalysts. Finally,
in situ SFG microscopy with high spatial resolution may enable
probing of the effects of heterogeneity of the substrate on the
binding configurations and reaction dynamics of molecular
catalysts.78
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