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CONSPECTUS: Rhenium catalysts have shown promise to promote carbon
neutrality by reducing a prominent greenhouse gas, CO2, to CO and other
starting materials. Much research has focused on identifying intermediates in the
photocatalysis mechanism as well as time scales of relevant ultrafast processes.
Recent studies have implemented multidimensional spectroscopies to character-
ize the catalyst’s ultrafast dynamics as it undergoes the many steps of its
photocycle.
Two-dimensional infrared (2D-IR) spectroscopy is a powerful method to obtain
molecular structure information while extracting time scales of dynamical
processes with ultrafast resolution. Many observables result from 2D-IR
experiments including vibrational lifetimes, intramolecular redistribution time
scales, and, unique to 2D-IR, spectral diffusion, which is highly sensitive to
solute−solvent interactions and motional dynamics.
Spectral diffusion, a measure of how long a vibrational mode takes to sample its frequency space due to multiple solvent
configurations, has various contributing factors. Properties of the solvent, the solute’s structural flexibility, and electronic
properties, as well as interactions between the solvent and solute, complicate identifying the origin of the spectral diffusion. With
carefully chosen experiments, however, the source of the spectral diffusion can be unveiled.
Within the context of a considerable body of previous work, here we discuss the spectral diffusion of several rhenium catalysts at
multiple stages in the catalysis. These studies were performed in multiple polar liquids to aid in discovering the contributions of
the solvent. We also performed electronic ground state 2D-IR and electronic excited state transient-2D-IR experiments to
observe how spectral diffusion changes upon electronic excitation. Our results indicate that with the original Lehn catalyst in
THF, relative to the ground state, the spectral diffusion slows by a factor of 3 in the equilibrated triplet metal-to-ligand charge
transfer state. We attribute this slowdown to a decrease in dielectric friction as well as an increase in molecular flexibility. It is
possible to partially simulate the charge transfer by altering the electron density moderately by adding electron donating or
withdrawing substituents symmetrically to the bipyridine ligand. We find that unlike the significant electronic structure change
induced by MLCT, such small substituent effects do not influence the spectral diffusion. A solvent study in THF, DMSO, and
CH3CN found there to be an explicit solvent dependence that we can correlate to the solvent donicity, which is a measure of its
nucleophilicity. Future studies focused on the solvent effects on spectral diffusion in the crucial photoinitiated state can illuminate
the role the solvent plays in the catalysis.

1. INTRODUCTION

The rhenium bipyridyl family of photoactivated catalysts has
been widely investigated due to its varied and versatile
photophysical and photochemical properties, ranging from
photocatalysis to phototriggered electron donation.1−4 As
photocatalysts, in particular, these complexes reduce CO2 to
CO and other chemical starting materials through a mechanism
initiated by near-UV light absorption, proceeding through a
series of steps that cycle on a millisecond time scale.5 There is a
clear need for carbon-neutral means of removing CO2 from the
atmosphere, and a photocatalyst provides the possibility of
deriving input energy from the Sun. The full mechanism of the
CO2 reduction catalysis is not known, but the initial steps have
been carefully characterized by many spectroscopic techniques

including time-resolved IR, transient UV and visible absorption,
and X-ray absorption.6−11 These studies have yielded time
scales and assignments for the ultrafast dynamical processes
triggered by light absorption. The early events are as follows:
Absorption of ∼400 nm light excites the complex to a singlet,
mixed metal−ligand-charge transfer (MLCT)/ligand-to-ligand
charge transfer (LLCT) state, which then intersystem crosses in
a matter of tens of femtoseconds to a triplet MLCT state
(3MLCT). The hot triplet state vibrationally cools within ∼20
ps and survives for ∼60 ns. These potential surfaces are
depicted in a cartoon in Figure 1A. In the presence of a
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sacrificial donor, the complex is singly reduced, and the halide
ligand dissociates, setting up the subsequent cascade of events
that ultimately results in two-electron, two-proton reduction of
CO2 to CO or formate. Catalytic efficiencies and turnover
numbers depend on solvent, halide (or pseudohalide) ligand,
and substitutions on the bipyridine ring.5,12−15 In order to
develop a complete structural and dynamical picture of the
photocatalysis, researchers have turned to ultrafast spectrosco-
py, but even these techniques are limited by fundamental
ambiguities in one-dimensional spectral line shapes that
obscure direct access to the molecular dynamics and how
they differ on multiple electronic excited states.
Recent advances in multidimensional spectroscopies have

offered insights previously not attainable by other conventional
methods, elucidating structural dynamics and solvent inter-
actions that could aid in the understanding and performance of
the catalysis. Photocatalytic oxidation and reduction inherently
involves charge transfer reactions, where from the basic
formulation of Marcus theory, the solvent plays a crucial role
by defining the reaction coordinate through the solvent
polarization.16 The solvent is responsible for two distinct but
related aspects of reactivity, namely, the energetics of stabilizing
species, as well as driving the molecular dynamics that guide the
electronic motion. 2D-IR on the electronic excited state
provides access to both of these contributions, combining the
structural sensitivity with the dynamical information intrinsic to
ultrafast spectroscopy. However, it has only recently become
possible to apply the full suite of multidimensional observables
to the electronic excited state, while comparing directly to the
singlet ground state. The first catalytically relevant species
visited during the cycle is the 3MLCT state, which is metastable
from the perspective of ultrafast spectroscopy. Hence, it is
sensible to characterize this species dynamically, which can be
done using 2D-IR spectroscopy of the carbonyl vibrations that
serve as spectators throughout the catalysis, providing a
consistent probe of molecular and electronic structural

dynamics, as well as the influence of solvation. Here we
summarize the ultrafast multidimensional spectroscopy studies
that have been reported on rhenium(I) photocatalysts to date,
highlighting the conceptual advances made possible by using
the nonlinear optical response of vibrations to probe electronic
state dependent dynamics.

2. TWO-DIMENSIONAL INFRARED (2D-IR)
SPECTROSCOPY OF Re(I) PHOTOCATALYSTS

Two-dimensional infrared spectroscopy (2D-IR) is analogous
to 2D-NMR, but with inherent sub-picosecond time resolution,
which allows direct observation of dynamics.17,18 The experi-
ments can be viewed as an extension of pump−probe transient
absorption, where dynamical changes become unveiled by
performing multiple experiments with increasing time delays
between the pump and probe pulses. In conventional IR
pump−probe spectroscopy, the probe is frequency resolved,
but the pump is broadband, trading frequency resolution for
the short pulse’s high time resolution. In contrast, a 2D-IR
pulse sequence enables high frequency resolution of both the
excitation and detection processes, while maintaining high time
resolution during the so-called waiting time between excitation
and detection.
The added information in a 2D-IR spectrum comes at a cost

of the experimental complexity in generating multiple IR fields
in a multibeam interferometer. Three ultrafast (∼100 fs) IR
fields, E1, E2, and E3, separated by delays t1 and t2 induce a
nonlinear response in the sample, radiating a field Es, which is
detected phase sensitively in a spectrometer with a detector
array (Figure 2).19 Scanning the coherence time (t1) causes the
detected signal to oscillate, and the excitation frequency axis is
obtained by Fourier transforming with respect to t1. Though
there are technical differences between experimental imple-
mentations, generally speaking, the 2D spectrum reveals
structural information encoded in the relative transition dipole

Figure 1. (A) Potential surfaces and time scales associated with the
1MLCT photoexcitation of the Re catalyst followed by an intersystem
crossing and relaxation into a quasi-equilibrated 3MLCT state. (B)
Normal modes of the three carbonyl stretches with arrows depicting
the directions; A′(2) is the out of phase symmetric stretch, A″ is the
asymmetric stretch of the equatorial carbonyls, and A′(1) is the in-
phase totally symmetric stretch.

Figure 2. Pulse sequences depicting the equilibrium 2D-IR (top),
transient 2D-IR (middle), and te-2D-IR (bottom) techniques, where
the red pulses are the infrared pump pulses, the orange pulse is the
infrared probe pulse and the purple pulse is the actinic or near-UV
pulse.
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moments and coupling between transitions, as well as dynamics
resulting from vibrational energy transfer and relaxation,
chemical exchange between different conformations,20,21 and
spectral dynamics arising from environmental fluctuations.22,23

The angles between transition dipoles can be deduced by
polarization dependent measurements.24−28 Vibrational pop-
ulation dynamics (energy redistribution and relaxation) are
directly manifested as waiting time (t2) dependent changes in
the diagonal and cross-peak amplitudes.29,30 The peak shapes
reveal the degree of homogeneous and inhomogeneous spectral
broadening that contribute to the overall absorption line shape.
The real power of 2D-IR spectroscopy is its ability to separate
inhomogeneous and homogeneous broadening contributions,
as well as to time resolve the loss of frequency correlation due
to intermediate time scale dynamics.31 Condensed phase
spectral bands typically have some degree of inhomogeneous
broadening that arises from slight differences in local
environment (i.e., solvent, surface, protein, etc.). By correlating
excited and detected frequencies, the 2D spectrum will be
diagonally elongated at early waiting time due to the differences
in transition frequencies for the accessible microscopically
distinct ensembles. As the waiting time is increased, initially
excited molecules will sample all of the other available
configurations, and the spectral band will diffuse through the
full line shape. This stochastic equilibrium process has been
denoted “spectral diffusion” in the NMR literature, and the
decay of the line shape asymmetry is linked to the frequency
fluctuation correlation function (FFCF), C(t) = ⟨δω(0)δω(t)⟩,
where ω(t) = ⟨ω⟩ + δω(t).32 In metal carbonyl systems, we
have shown in numerous examples that the FFCF can be
directly linked to solvent dynamics in polar liquids, at the glass
transition, at the protein−water interface, and at the
membrane−water interface.33−36 The FFCF has been used to
characterize many fundamentally important condensed phase
systems, and we describe here how spectral diffusion can now
be measured in an electronic state dependent way using
transient 2D-IR spectroscopy.37

The transient 2D-IR (t-2D-IR) experiment is performed by
introducing an actinic, near-UV pulse prior to the equilibrium
2D-IR experiment, which then tracks the response of the
excited species or the photoproducts. Because of the need to
scan the coherence time long enough to obtain sufficient
frequency resolution, most t-2D-IR experiments have been
performed with several picosecond delays between the actinic
pulse and the 2D-IR sequence. As the time delay is further
increased to a point where the system is in a quasi-equilibrium,
t-2D-IR measures effectively equilibrium dynamics, for example,
on the electronic excited state. A notable exception is a study by
Hamm et al. of a Re(I) complex where the t-2D-IR response
was measured during the nonequilibrium relaxation on the
MLCT excited states.38 In this work, we describe the first
experiments comparing equilibrated dynamics on the ground
and triplet excited states and explain how they can be beneficial
to understanding catalysis reactions initiated by light.

2.1. Equilibrium 2D-IR

Due to the diverse photophysical properties of the rhenium
bipyridyl family of photocatalysts, considerable experimental
effort has been expended to characterize the electronically
excited, catalytically active state.1−3,7,10,39−42 In order to
develop a complete framework for understanding the excited
state, however, it is necessary to establish a structural and
dynamical reference based on the electronic ground state. One

of the specific virtues of transient 2D-IR spectroscopy is the
ability to map transient spectroscopic observations to the well-
characterized equilibrium ground state, but this correspondence
is only possible when the ground state has been studied in
detail. Rhenium diimine carbonyl photocatalysts are particularly
well suited to study with vibrational spectroscopy due to the
presence of three strong IR transitions in a background free
region of the spectrum. Solvent and substituents cause slight
frequency shifts, but as a reference, Re(CO)3(bpy)Cl in
tetrahydrofuran (THF) solvent has transitions at 1894 cm−1

[A′(2)], 1917 cm−1 [A″], and 2019 cm−1 [A′(1)], and these are
delocalized over two [A″] or three [A′(2) and A′(1)]
carbonyls. Despite intense interest in the electronic excited
states, sparingly few studies have used 2D-IR spectroscopy to
investigate the electronic ground state. Fayer et al. and Zanni et
al. probed the structure and dynamics of rhenium catalysts on
films with equilibrium 2D-IR.43,44 Zanni et al. used equilibrium
2D-IR to resolve multiple binding conformations of two
rhenium dyes, Re(CO)3(4,4′-COOH-2,2′-bipyridine)Cl and
Re(CO)3(4-COOH-2,2′-bipyridine)Cl, bound to a semicon-
ductor film. Though no dynamical information was extracted
from the 2D measurements, they were able to establish that up
to four different conformations result from the binding of the
dye to the film, and when the surface has high dye coverage,
coupling between the adjacent dyes is evident. Fayer et al. used
2D-IR to characterize fac-Re(1,10-phenanthroline)(CO)3Cl in
solution and as a covalently linked monolayer on silica. For the
monolayer case, in the presence of both solvent and air, the
spectral diffusion times slowed drastically relative to bulk
solution. The absence of solvent yielded the slowest spectral
diffusion time scale. These variations in spectral diffusion times
were attributed to differences in the available interaction
mechanisms. Molecules in the monolayer were exposed to the
solvent as well as other adjacent units in the monolayer,
whereas the molecules in solution were only subject to
fluctuations imposed by the solvent.
Recently, we observed a strict solvent dependence on the

spectral diffusion times of a set of rhenium−bipyridyl molecules
in polar solvents. We found that changing the electronic
distribution within the molecule, by adding electron donating
or withdrawing groups to the bipyridine, did not affect the
spectral diffusion dynamics. The details of this experiment and
a discussion of the results will be described in detail later in this
Account.

2.2. Transient 2D-IR

The technique of transient multidimensional infrared spectros-
copy as a method to study the rhenium photocatalyst was
originally motivated by the work of Lian and co-workers who
performed transient IR absorption experiments on Re(R2-
bpy)(CO)3Cl (R = COOH, COOEt) in multiple polar
solvents. Using a visible pump (400 nm) and an infrared
probe (1820−2200 cm−1), they investigated the vibrational
relaxation processes of the three carbonyl stretching modes
after promotion to the electronic excited state.6 The resulting
time-dependent solvation induced shifts in the peaks that were
found to be mode dependent. The complexity of the peak shift
dynamics, though similar for all three modes, made it difficult
to assign the individual contributions due to solvation and
vibrational relaxation. Peak narrowing, and hence low frequency
mode vibrational relaxation dynamics, was determined to be
solvent insensitive in the electronic excited state.
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Probing vibrational modes in the electronic state naturally led
to t-2D-IR studies, which offer better resolution in both
structure and dynamics. The first investigations of a rhenium
catalyst were by Hamm et al., who performed multidimensional
nonequilibrium t-2D-IR experiments on the Re(4,4′-dimethyl-
2,2′-bpy)(CO)3Cl in dimethyl sulfoxide (DMSO) by imple-
menting the near-UV pulse at delay times of 1−6.5 ps prior to
the infrared pulse sequence, allowing observation of the
carbonyl stretching dynamics as they undergo solvation and
vibrational cooling.38,45,46 By measuring a nonequilibrium
FFCF, they observe both fast processes, which they attribute
to libration, and slower processes associated with changes in the
solvent packing. Hamm et al. also conducted polarization-
dependent t-2D-IR experiments on the same compound, using
a 20 ps time delay between the actinic and infrared pulses,
concluding that they can suppress or enhance transient spectral
features depending on the relative polarization angles between
the near-UV and infrared.47

Hamm and co-workers also performed a “triggered-
exchange” 2D-IR experiment on the same system to label the
vibrational modes before they were electronically excited.48 In a
triggered exchange sequence, the IR pulses first vibrationally
excite, or label, the ground state modes, after which an actinic
pulse excites the molecules electronically. The emitted signal
reports the correlation between the initially excited ground
state IR transition and the final excited state IR transition. Since
photoinduced charge transfer in Re(I) complexes causes blue-
shifted IR frequencies due to reduced back bonding, triggered-
exchange (te) 2D-IR should enable a mapping of excited state
vibrations to the basis of the ground state modes. In their
report, they used cross-peaks in the te-2D-IR spectrum to
confirm computational predictions that the lower frequency
A′(2) mode shifts farther in the excited electronic state than
does the A″ mode (see Figure 4B).
One aspect of triggered-exchange 2D-IR in systems with

multiple close-lying vibrational energy levels deserves com-
ment. The ability to map vibrational modes between different
electronic states can be limited by vibrational energy
redistribution that can occur following the IR excitation of
the labeling step. With too large a time delay between the
labeling and the actinic excitation, intramolecular vibrational
redistribution (IVR) can scramble the ground state vibrational
label. In the case of the Re(I) carbonyls, we have shown that
the IVR is quite rapid among all of the modes, thus somewhat
diminishing the maximum possible contrast in a triggered
exchange experiment.
The intrigue of photoinduced MLCT of the rhenium

compound led Zanni et al. to covalently bind the rhenium
dye Re(CO)3(4-COOH-2,2′-bipyridine)Cl to a semiconduct-
ing TiO2 film to serve as a photoinduced electron injector.49

The motivation of their transient and te-2D-IR experiments was
to obtain structural information on the rhenium dye bound to
the TiO2 film and observe possible differences in electron
ejection between conformations. The rhenium compound was
found to have three distinct conformations, all of which led to
an electronic excitation, but not in equal proportions. Their
work shows that it is possible, using t-2D-IR, to not only
observe multiple conformations of a dye on a semiconductor
surface but also possibly to optimize the electron ejection
dynamics by studying each conformation independently.
Recently, Weinstein et al. performed equilibrium and t-2D-IR

experiments, reporting differences in the vibrational population
dynamics of Re(Cl)(CO)3(4,4′-dietheylester-2,2′-bipyridine) in

the electronic ground and excited states.50 For transition metal
complexes in polar solvents other than water, population
dynamics tend to be most sensitive to intramolecular couplings,
though we have observed solvent dependent IVR linked with
solvent packing and hydrogen bonding.51 With a combination
of 2D-IR and IR pump−probe spectroscopy, Weinstein et al.
found mode specific population dynamics. For the high
frequency A′(1) mode, which is typically spectrally narrow
and well-resolved, they found the vibrational relaxation in the
electronic 3MLCT state to be up to 8 times faster than that in
the electronic ground state. When solvents of differing polarity
were implemented, all of the modes were found to have solvent
insensitive lifetimes in the electronic excited state, in contrast to
the clear solvent dependence observed in the electronic ground
state.

3. DIRECT COMPARISON OF GROUND AND TRIPLET
STATES WITH EQUILIBRIUM AND TRANSIENT
2D-IR

While many groups focus on one particular step in the catalytic
process, the goal of our current research is to characterize the
spectral dynamics of known key intermediates in the CO2
reduction catalytic mechanism, specifically the 3MLCT state,
the singly reduced species following reduction by a sacrificial
electron donor, as well as the solvent-coordinated species and
relatively stable intermediates such as Re(dmb)(CO)3COOH
and Re[(dmb)(CO)3]2(CO2).

13,52 Previous studies indicate
that the catalysis is sensitive to the solvent, though it is not clear
to what degree the solvent dynamics, rather than energetic
stabilization, influences the catalysis. From this perspective, we
began our investigations characterizing the ground state
spectral dynamics of the original Lehn catalyst in multiple
solvents commonly used in the reaction.53 We then reported on
the dynamics of the photoinitiated catalytically active, vibra-
tionally cooled 3MLCT state, which is a complementary
approach to that taken earlier to study solvation during the
relaxation process.54 To further understand the t-2D-IR results,
we performed solvent studies on several substituted Re(I)
complexes having either electron donating or electron with-
drawing groups attached to the bipyridyl ring.55

Before discussing our experimental results, it is important to
describe our specific experimental technique and how we
obtain the FFCF. Briefly, we conduct two separate experiments
for each waiting time (t2), a rephasing (photon-echo)
experiment and a non-rephasing experiment. The peak
amplitude from the resulting non-rephasing 2D-IR spectrum
is subtracted from the rephasing peak amplitude for each
waiting time. These values are normalized by dividing by the
sum of the peak amplitudes, and the result is referred to as the
inhomogeneity index, I(t2).

37 The inhomogeneity index is
proportional to the normalized FFCF [C(t2)], so from here on,
we will refer to the inhomogeneity index as the FFCF or C(t2).
Previously published work gives a more detailed description of
the experimental apparatus.56

In the electronic ground state, we observe differences in the
spectral diffusion times of the low frequency modes (A′(2) and
A″; ∼1.4 ps, THF) and the high frequency A′(1) mode (∼2.8
ps, THF), as well as a solvent dependence. We have thus far
not identified the origin of the spectral diffusion differences
among the modes, but we also see this trend in CH3CN and
DMSO, as well as in other Re(bpy)(CO)3Cl derivatives in each
of these three solvents.55 A concentration dependence
experiment, conducted in THF, determined that the FT-IR
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spectrum and the ultrafast spectral diffusion times do not
depend on concentration, indicating that the Re-based
complexes do not aggregate. Similar lifetimes of all three
carbonyl stretching modes (∼25 ps) were observed and were
obtained from the long time constant of a biexponential fit of
the cross-peak amplitudes. These results form a basis with
which to compare the vibrational dynamics on the 3MLCT
state.
Our transient 2D-IR experiments were conducted by

implementing a 400 nm excitation pulse at time delays of 20,
40, and 60 ps prior to the probing 2D-IR pulse sequence, thus
ensuring equilibration of the electronic excited state. For the t-
2D-IR experiments, we use a chopper and report difference
spectra. The results reveal very different dynamics from those
exhibited by the vibrations on the electronic ground state. We
observe a ∼4.7 ps FFCF decay time for the 3MLCT state that is
similar for all three modes and 3-fold larger than that of the
electronic ground state (∼1.5 ps). Our vibrational lifetime
results agree with those of Weinstein et al., in that they are 8
times faster in the electronic excited state (∼3.2 ps) than in the
electronic ground state (∼25 ps), a difference that Weinstein et
al. attribute partially to a higher density of states.50

To understand the origin of such distinct dynamics, we first
looked to DFT calculations to estimate the change in molecular
dipole moments from the S0 state to the 3MLCT state, finding
that μS0 = 14.1 D and μ3

MLCT = 5.8 D. Following van der Zwan,
Hynes, and more recently Maroncelli’s treatment of dielectric
friction and assuming the solvent properties do not appreciably
change upon solute excitation, the ratio of the dielectric friction
coefficients is equal to the ratio of the squares of the dipole
moments,57 μS0

2/ μ3
MLCT

2, which predicts a dynamical slow-
down of a factor of 6. This result is promising, though not
quantitative, as it qualitatively agrees with our observation of a
3-fold slowdown.
We later performed a t-2D-IR experiment on the A′(1) mode

of Re(CO)3(4,4′-tert-butyl-2,2′-bpy)Cl in THF (Figure 4D) to
compare the spectral diffusion times of the unsubstituted (1)
and tert-butyl substituted (3) compounds. The spectral
diffusion in the electronic ground state (∼3.3 ps) is faster
than that in the 3MLCT state (∼4 ps), but not to the same
extent as with the unsubstituted high frequency mode (S0, ∼3
ps; 3MLCT, 4.7 ps). The more pronounced difference is in the
inhomogeneity of the electronic excited state. The contribution
of inhomogeneous broadening to an absorption line shape is
reflected in the value of the FFCF at t2 = 0, C(0). For the t-2D-
IR data, the extracted exponential decays are essentially the
same for both I(t2) and C(t2), but since we are concerned with
very small t2, specifically t2 = 0, where the I(t2) deviates slightly
from C(t2), we must compute C(t2 = 0) = sin[πI(t2 = 0)/2] to
get the actual value of the intercept.37 The initial value of the
correlation function reports the degree to which dephasing
during t1 cannot be reversed by an echo pulse sequence.
Generally speaking, the closer to 1 the initial value of the
correlation function is, the more the line shape is dominated by
inhomogeneous, and hence reversible, dephasing. The
inhomogeneity for both 1 and 3 was found to be the same at
∼0.1. Upon electronic excitation, however, the inhomogeneity
of the high frequency mode of 1 increases as evidenced by an
intercept of 0.77 (I(t2 = 0) = 0.56), while the intercept of the
same mode of 3 becomes 0.97 (I(t2 = 0) = 0.86) (Figure 3A,B).
It remains to be determined what the origin of this pronounced
increase in inhomogeneity is and how it depends on solvent.

Future studies using molecular dynamics simulations performed
using alternatively the geometry, force field, and charges for the
ground and excited state species may help to pinpoint the
structural and dynamical changes associated with the charge
redistribution.
The dramatic change in the local electron density of the

carbonyls after the MLCT, causing the blue shifting of the
carbonyl stretching modes, led us to perform experiments on a
series of derivatives designed to modulate electron density on
the ring.55 Substituting the bypridine with electron donating
and electron withdrawing groups allowed us to chemically
simulate to some degree the shift in charge density toward or
away from the metal center, and thus from the carbonyl ligands.
We synthesized Re(CO)3(4,4′-R2-2,2′-bpy)Cl where R = H
(1), methyl (2), tert-butyl (3), or COOH (4) and Re-
(CO)3(1,10-phenanthroline)Cl (5) (Figure 4A) and performed
electronic ground state 2D-IR experiments on all of the
compounds in the solvents DMSO, THF, and CH3CN. Figure
4B shows the linear infrared spectra of the compounds in
DMSO, and Figure 4C shows the FFCF of the A′(2) mode of
the complexes in DMSO. Remarkably, we found no effect of
the bipyridine substitutions on the 1D line shape or spectral
diffusion, but a profound dependence on the solvent was
discovered. The observed solvent dependence correlates with
the donicity, or nucleophilic properties, of the solvent.58

Increasing the donicity of the solvent slows the observed
spectral diffusion time scale. For the A′(2) mode of all five
complexes, the FFCF decay times are ∼4 ps (DMSO; Figure
4C) > ∼2.9 ps (THF) > ∼1.4 ps (CH3CN); solvent donor
numbers (kcal mol−1), are as follows: 29.8 (DMSO) > 20.0
(THF) > 14.0 (CH3CN).

55 That the individual substitutions on
the bypiridine do not significantly alter the carbonyl solvent
dynamics is unexpected but is consistent with our computa-
tional results55 showing that while the 3MLCT transition
markedly alters the charges on the carbonyls, the chemical

Figure 3. (A) FFCF of Re(CO)3(bpy)Cl in THF in the S0 state (blue
squares) and the 3MLCT state (red circles). (B) FFCF of
Re(CO)3(4,4′-tert-butyl-bpy)Cl in THF in the S0 state (blue squares)
and the 3MLCT state (red circles). (C) Difference spectrum of
Re(CO)3(bpy)Cl in THF. (D) Difference spectrum of Re(CO)3(4,4′-
tert-butyl-bpy)Cl in THF. Portions of this figure are adapted with
permission from ref 54. Copyright 2014 American Chemical Society.
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substitutions induce changes in partial charges only on the
aromatic ligand. This finding highlights the potential pitfall in
using observations made on the electronic ground state to
predict excited state solvation dynamics, which are key to
governing photocatalytic charge transfer processes.

4. SUMMARY AND OUTLOOK

This Account primarily focuses on the contributions that
multidimensional infrared spectroscopy has made toward
understanding rhenium bipyridyl photocatalysts. Two-dimen-
sional-IR spectroscopy provides both structural and dynamical
information and, when coupled with an actinic phototrigger, is
capable of dissecting and comparing vibrational, spectral, and
solvent dynamics on multiple electronic states. The rhenium
diimine carbonyl complexes offer an ideal spectroscopic system
due to the accessible and long-lived excited triplet state and the
presence of very strong carbonyl IR spectator modes to track
the photocatalytic cycle. The work summarized here has shown
sensitivities, or lack thereof, to solvent, concentration, and
substituents, as well as pronounced influences due to
heterogeneous constructs such as films. In the immediate
future, we can ask specific questions regarding solvation
dynamics on the excited 3MLCT state, namely, are the
electronic state-dependent differences in spectral diffusion
solvent dependent? Since these investigations are breaking
new ground, it also remains a key goal to link spectroscopy and
dynamics to mechanism, performance, and design of current
and next-generation carbon dioxide reduction photocatalysts.
Thus, more general questions will center on the subsequent
processes in the photocycle, which require two electron and
two proton transfer steps. Since both proton and electron
transfer occur through collective nuclear coordinates where
reorganization, solvation, and polarization all contribute, how
detailed a picture of charge transfer can we extract from
equilibrium and transient 2D-IR spectroscopy? Can we identify
transient structures, or can we resolve the stochastic
interconversion between energetically similar species? Tremen-
dous insight has been gained from 2D-IR spectroscopy of
equilibrium, ground state systems, ranging from liquid water to
large proteins, and we anticipate similar progress as we learn
how to apply this methodology to transient states.
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