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CONSPECTUS: The Born—Oppenheimer approximation refers to the assumption that the
nuclear and electronic wave functions describing a molecular system evolve and can be
determined independently. It is now well-known that this approximation often breaks down
and that nuclear—electronic (vibronic) coupling contributes greatly to the ultrafast
photophysics and photochemistry observed in many systems ranging from simple molecules

to biological organisms.

In order to probe vibronic coupling in a time-dependent manner, one must use spectroscopic

time
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tools capable of correlating the motions of electrons and nuclei on an ultrafast time scale.

Recent developments in nonlinear multidimensional electronic and vibrational spectroscopies allow monitoring both electronic
and structural factors with unprecedented time and spatial resolution. In this Account, we present recent studies from our group
that make use of different variants of frequency-domain transient two-dimensional infrared (T-2DIR) spectroscopy, a pulse
sequence combining electronic and vibrational excitations in the form of a UV—visible pump, a narrowband (12 cm™") IR pump,
and a broadband (400 cm™) IR probe.

In the first example, T-2DIR is used to directly compare vibrational dynamics in the ground and relaxed electronic excited states
of Re(Cl)(CO);(4,4'-diethylester-2,2-bipyridine) and Ru(4,4’-diethylester-2,2-bipyridine),(NCS),, prototypical charge transfer
complexes used in photocatalytic CO, reduction and electron injection in dye-sensitized solar cells. The experiments show that
intramolecular vibrational redistribution (IVR) and vibrational energy transfer (VET) are up to an order of magnitude faster in
the triplet charge transfer excited state than in the ground state. These results show the influence of electronic arrangement on
vibrational coupling patterns, with direct implications for vibronic coupling mechanisms in charge transfer excited states.

In the second example, we show unambiguously that electronic and vibrational movement are coupled in a donor—bridge—
acceptor complex based on a Pt(Il) trans-acetylide design motif. Time-resolved IR (TRIR) spectroscopy reveals that the rate of
electron transfer (ET) is highly dependent on the amount of excess energy localized on the bridge following electronic excitation.
Using an adaptation of T-2DIR, we are able to selectively perturb bridge-localized vibrational modes during charge separation,
resulting in the donor—acceptor charge separation pathway being completely switched off, with all excess energy redirected
toward the formation of a long-lived intraligand triplet state. A series of control experiments reveal that this effect is mode
specific: it is only when the high-frequency bridging C=C stretching mode is pumped that radical changes in photoproduct
yields are observed. These experiments therefore suggest that one may perturb electronic movement by stimulating structural
motion along the reaction coordinate using IR light.

These studies add to a growing body of evidence suggesting that controlling the pathways and efficiency of charge transfer may
be achieved through synthetic and perturbative approaches aiming to modulate vibronic coupling. Achieving such control would
represent a breakthrough for charge transfer-based applications such as solar energy conversion and molecular electronics.

1. INTRODUCTION

1.1. Background and Significance

Classical analyses of photophysical and photochemical
mechanisms treat nuclear and electronic wave functions
independently, under the Born—Oppenheimer approximation.
Such treatments are founded on the assumption that nuclear
movement is slow enough to appear fixed on the rapid
electronic movement time scale. This phenomenon results in
the well-known Franck—Condon principle, which states that
electronic transitions occur without changes in the molecular
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structure or that of its environment. Another often applied
photophysical concept is Kasha’s rule and derivations thereof.
In the most encompassing terms, this rule assumes that
vibrational relaxation (VR) is faster than internal conversion
(IC) between electronic states, which itself is faster than
intersystem crossing (ISC) between different spin manifolds:
kyr > kic > kigc. Thus, molecules are perceived to only emit
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Figure 1. (A) Frequency-domain 2DIR and T-2DIR pulse sequences. (B) Simplistic scheme of VET in Ru(4,4’-diethylester-2,2"-bpy),(NCS), upon
IR excitation of (C=0). (C) Typical 2DIR spectrum containing diagonal peaks of the excited modes (green) and cross-peaks (purple). The
frequency difference between solid and dashed contours are diagonal and off-diagonal anharmonicities.*>

and react in appreciable yields from the lowest state of a given
multiplicity. Under these approximations, nuclear—electronic
(vibronic) interactions are negligible and do not contribute to
the photophysics or photochemistry of molecular systems."

We now know of course that there are many exceptions to
these rules; in fact, in several classes of molecular systems
(including charge transfer transition metal complexes, the focus
of this Account), the exceptions outweigh the rule. On the
ultrafast time scales, the experimentalist will often struggle to
deconvolute VR, IC, and ISC processes, which frequently occur
concomitantly on strongly interacting potential energy
surfaces.” " In such cases, there are opportunities for nuclear
and electronic degrees of freedom to interact and affect each
other.*>"" In some extreme cases, such interactions fully dictate
the rates and pathways of photoinduced transformations by
allowing or disabling certain electronic transitions.'*™**

This Account summarizes recent efforts of our group to gain
a deeper understanding of how electronic density distribution
affects vibrational dynamics, how excess vibrational energy
affects electronic processes, and ultimately whether one can
exploit vibronic interactions by external perturbation to control
electron transfer (ET) processes with appreciable efficiency.
These studies, performed on Re(I), Ru(Il), and Pt(II) charge-
transfer complexes, add to a fast-growing body of evidence that
continuously demonstrates the importance of nuclear—
electronic interactions in systems ranging from simple
molecules to large biological organisms.'"*>° Gaining deeper
insight into how to alter such interactions will offer
unprecedented opportunities to control charge transfer
processes, bearing direct significance to applications in solar
energy harvesting and information processing and storage.

1.2. The Toolbox

To probe vibronic interactions affecting electron transfer in a
time-dependent manner, one must use spectroscopic tools
capable of correlating nuclear and electronic motion on
ultrafast time scales. Recent phenomenal developments in
time-resolved X-ray spectroscopies and electron diffraction,
among other techniques, have allowed these correlations to be
monitored through the use of structure-sensitive probes, but
generally require major equipment such as free electron lasers
to deliver the required pulses.”*” A more accessible yet
powerful toolset consists of nonlinear multidimensional
electronic and vibrational spectroscopies.m’24 In particular,
two-dimensional infrared (2DIR) spectroscopy*>*® provides
bond-specific information through chemical selectivity that
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allows a degree of spatial resolution not attainable with UV—
visible methods. Combining 2DIR with a UV—visible excitation
pulse (a method often referred to as transient 2DIR, T-2DIR)*’
permits structural changes that accompany rapid photoinduced
electronic processes to be resolved, providing a way to correlate
nuclear and electronic degrees of freedom.

Comprehensive reviews of 2DIR and T-2DIR techniques
have recently become available,****™*' and only a fleeting
overview is given here. The relation between 2DIR and linear
IR spectroscopy is analogous to that between 2D NMR and
NMR, with the added benefit of time resolutions on the order
of ~100 fs to 1 ps achievable with commercial ultrafast lasers.
These multidimensional spectra provide insights not accessible
with linear methods by spreading the information over two
frequency axes (excitation and detection). The information
lying on the “diagonal” (excitation frequency = detection
frequency) broadly corresponds to the information provided by
linear IR spectra, while “off-diagonal” signals arise from the
interaction between different vibrational modes (Figure 1).

There are several configurations available to perform 2DIR
studies, with the frequency® and the time domain® schemes
being the main variants. While both schemes yield the same
information, they differ in experimental complexity as well as
time and spectral resolution.”®** The experiments described
herein use the simpler, lower-resolution double-resonance
(frequency domain) arrangement,” which utilizes a narrow-
band IR pump (10—15 ecm™', 1-1.5 ps pulsewidth) and
broadband IR probe (300—400 cm™') (Figure 1A). The
experiment is performed by scanning the IR pump in small
frequency steps across a range of interest (typically 1200—2400
cm™') while probing at a set IR ,,,,—IR,q,. waiting time t,; a
schematic 2D map resulting from such an experiment is shown
in Figure 1C. Figure 1B shows an example vibrational energy
transfer (VET) scheme for Ru(4,4'-diethylester-2,2'-
bpy),(NCS), whereby a C=0 stretching mode is excited by
the IR pump and relaxes through intramolecular vibrational
redistribution (IVR) to surrounding low-frequency modes,
which subsequently transfer vibrational energy across the
molecule toward a probed vibration, in this case a CN stretch.
Low-frequency modes surrounding the latter are anharmoni-
cally coupled to the probed vibration, giving rise to a cross-peak
(Figure 1C). 2DIR can help resolve such long-range VET
schemes by extending t,, into tens of picoseconds.’*

T-2DIR experiments can be performed by introducing a
UV—vis laser pulse before or during the 2DIR pulse sequence
to trigger an electronic process. The nature of the experiment
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depends on the specific sequence used and the time delay
between the UV—vis pump and IR pump.”*° In the simplest
T-2DIR experiment, a long-lived (>1 ns) electronic excited
state is populated with the UV—vis pump; initial solvation
response and vibrational processes on the nascent excited state
surface are permitted to relax (typically 100—200 ps) before
introducing the 2DIR pulse sequence. The equivalent of
ground state 2DIR but in an electronically excited state is then
measured, correlating vibrational dynamics to electron density
distribution. Examples of such studies on Re(I) and Ru(II)
complexes are given in section 2. Introduction of a small time
delay, t;, between the UV and IR pumps permits a variety of
experlments, including probing excited state solvation dynam-
ics®® and perturbing structural dynamics during a triggered
electronic process. The latter is demonstrated in section 3.2 on
the example of a Pt(II) donor—bridge—acceptor complex.
Finally, reversing the order of the two pumps is used in T-2DIR
exchange spectroscopy where a specific vibration is labeled in
the ground state and its frequency is directly correlated to its
excited state counterpart following electronic excitation.””

There are many other creative uses of this highly adaptive
method,**~* including a recently reported combination of 2D
electronic with 2DIR spectroscopies, which provides a more
direct correlation of nuclear and electronic degrees of freedom
in virtually any system.*'

The experiments discussed here were performed at the
Rutherford Appleton Laboratory.*” A 10 kHz ultrafast laser
system uses optical choppers to modulate the UV—visible
pump at 5 kHz and the IR pump at 2.5 kHz, providing
complete freedom over the order of the three pulses while
allowing recording background, time resolved IR (TRIR),
2DIR, and T-2DIR spectra simultaneously. TRIR and 2DIR
data are collected under magic angle configuration between the
pump and the probe beams to suppress rotational diffusion
from population dynamics. T-2DIR is a fifth order experimental
technique involving up to three transition dipole moments but
only two independently controllable polarization degrees of
freedom; therefore no real magic angle condition is p0551b1e
In our experiments, UV and IR pumps are in parallel
polarization to each other, while the IR probe is set at magic
angle with respect to both pumps. Orientational effects are
negligible in this configuration for the specific set of
experiments described below, where only one time delay is
varied at a time.”

2. DIRECT COMPARISON OF VIBRATIONAL
DYNAMICS IN GROUND AND EXCITED STATES OF
METAL CHROMOPHORES

We have recently implemented 2DIR and T-2DIR to study IVR
and VET mechanisms in the ground and charge transfer excited
states of two prototypical transition metal complexes: Re(Cl)-
(CO),(4,4'-diethylester-2,2"-bpy) and Ru(4,4'-diethylester-
2,2'-bpy),(NCS),, where bpy is bipyridine, abbreviated
ReCOe and RuNCS-e, respectively. The former is a derivative
of a well-known CO, reduction photocatalyst, while the latter is
a derivative of the RuN3 dye, an efficient sensitizer in dye-
sensitized solar cells. In both complexes, UV—visible light
promotes the molecules to a singlet metal-to-ligand charge
transfer ('MLCT) state, which undergoes rapid intersystem
crossing (<1 ps) to a long-lived *MLCT state of predominantly
metal-to-bpy charge transfer character. Solvent reorganization
and vibrational relaxation on the MLCT surface are complete
in <100 ps. Referring to Figure 1A, this means that in T-2DIR
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experiments, ¢; can be kept at 100 ps < ¢; < 1 ns to allow IC,
ISC, and VR following excitation to fully finish before
introducing the 2DIR pulse sequence in *MLCT, thereby
isolating the vibrational dynamics of interest from all other
kinetic processes.

Both molecules contain infrared reporters that are well
separated in space (8—10 A) and frequency (v(C=0) =~ 2000
em™ and ¥(C=0) = 1730 cm™ in ReCOe, v(CN) = 2200
em™' and ¥(C=0) = 1730 cm™" in RuNCS-e), allowing for
selective vibrational excitation while probing long-range VET.
The results for both molecules are strikingly similar, with the
main finding that IVR and VET in *MLCT are up to an order
of magnitude faster than in the ground state.**** Due to the
similarity in behavior of these two systems, only ReCOe is
discussed further.

Figure 2 shows the ground state two-dimensional IR
(GS2DIR) maps of ReCOe in CD,Cl, at 1 and 10 ps waiting
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Figure 2. Ground state 2DIR maps for ReCOe in CD,Cl, at 1 ps (left)
and 10 ps (right) waiting time #,. Colors correspond to transient
absorption changes of +25 mOD (red) and —25 mOD (blue). The
linear FTIR spectrum with corresponding band assignments in the
range of interest and the X-ray structure of ReCOe are shown.**

time. The three (C=O0) vibrations, a’(1), a’(2), and a”, are
directly coupled. Thus, at 1 ps waiting time, all three vibrations
show cross peaks as well as diagonal peaks. The ester v(C=0)
mode, a(es), is far from the metal carbonyls and is therefore not
anharmonically coupled to the v(C=O0) modes. Through-
space couphng over such large distances is also considered to be
negligible.**> Nonetheless, at 10 ps, small cross-peaks are
observable at both ©(C=0) and v(C=O0) positions; thus
VET across the molecule has taken place, provoking a response
from distant modes. Note that the diagonal a(es) peak has
disappeared by 10 ps, implying that the a(es) mode is short-
lived, whereas the v(C=O) modes still display intense
diagonal peaks.

Varying t,, allows extraction of the IVR and VET kinetics.
These are shown in Figure 3AB for both VET directions:
pumping a’(1) and monitoring a’(1) — a(es) VET, and vice
versa. Note that cross-peaks are not necessarily an indication of
the population of a particular vibrational mode. In the cases
presented here, the a(es) mode is never populated following
a’(1) excitation; only low-frequency modes in spatial proximity
and anharmonically coupled to a(es) are populated, producing
a cross-peak at the a(es) position on the probe axis. The same is
true for VET in the opposite direction.

Figure 3C,D compares the a’(1) and a(es) mode lifetimes in
the ground and excited states; the extracted IVR, VET, and
cooling (equilibration with the solvent bath) lifetimes are
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Figure 3. Normalized kinetic traces extracted from bleach kinetics of 2DIR and T-2DIR data for ReCOe in CD,Cl,. (A) Ground state a’(1) diagonal
peak and a(es) cross peak. (B) Ground state a(es) diagonal peak and a’(1) cross peak. Comparison of a’(1) (C) and a(es) (D) diagonal peak
lifetimes in the ground (blue) and *MLCT (black) states. Solid lines represent best fits deconvoluted from a Gaussian instrument response
function.** Extracted lifetimes are represented schematically (E) for the ground state and (F) for the *MLCT state. Note that VET from a’(1) to
a(es) in *MLCT was not satisfactorily resolved due to the low signal-to-noise of the a(es) cross-peak in T-2DIR experiments.

represented schematically in Figure 3EJF. The results are
surprising: the a’(1) mode lifetime (equivalent here to all
v(C=O0) IVR lifetime) reduces from 48 ps in the ground state
to 6.5 ps in the excited state. A recent study on a similar Re-
tricarbonyl found the same increase in v(C=O0) deactivation
rate,*® and in RuNCS-e, we observed a similar reduction in the
V(CN) lifetime, from 60 ps in the ground to 7 ps in the excited
state.>* Meanwhile, the a(es) IVR lifetime in ReCOe remains
the same, at around 1 ps, and the VET lifetime is reduced by at
least a factor of 2, from 6 to 3 ps, upon promotion to the
excited state.

The a’(1) lifetime in the ground state is dependent on the
polarity of the solvent (CH,Cl,, MeCN, or toluene). This
observation is as expected since solvent—solute frequency
fluctuations are known to affect the rate and amplitude of
vibrational energy level fluctuations in the solute.**” These
interactions can speed up IVR and VET through favorable
frequency matching conditions. Surprisingly, the solvent
dependence disappears in *MLCT, suggesting that the
mechanism responsible for the rapid deactivation of v(C=
0) in *MLCT must be predominantly intramolecular.

The v(C=0) mode in ReCOe and v(CN) mode in
RuNCS-e are somewhat isolated from the rest of the molecule
by the central heavy atom. Since IVR occurs through
surrounding anharmonically (mechanically) coupled
modes,>"* IVR originating from high frequency C=0 and
CN vibrations of the ligands must occur primarily through low-
frequency modes that involve displacement of the metal center.
The resulting large energy mismatch renders these transitions
inherently inefficient, accounting for particularly slow IVR in
the ground state.*®*’ So what is responsible for an observed
acceleration of IVR in *MLCT?

The MLCT transition depletes electron density on the metal
center, reducing metal - CO 7z back-donation to the
antibonding orbital and resulting in higher v(C=0)
frequencies. Several studies have shown that 7 back-donation
facilitates intramolecular anharmonic coupling of the C=O
modes to surrounding low-frequency modes. Reducing 7 back-
donation should therefore result in slower IVR.***' We observe
the opposite effect. This contradiction suggests that a
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mechanism other than increased anharmonic coupling
facilitates IVR in the excited state of Re-carbonyls.

Electron density redistribution in the excited state, which
results in greater dipole over the metal-CO or metal-NCS
fragments of the molecules, can increase short distance dipole—
dipole coupling surrounding the metal center. IVR through
anharmonic coupling is slowed down in the ground state due to
structural and thermodynamic barriers imposed by large
displacements of the heavy metal atom. It is possible that
through-space dipole—dipole coupling in MLCT helps over-
come these barriers by effectively circumventing low-frequency
modes involving large displacements of the metal center,
resulting in faster alternative IVR pathways from v(C=O0) or
V(CN). Softening of low-frequency skeletal modes was also
suggested as a potential mechanism for increased IVR in the
excited state.*® Additional investigations are currently underway
to elucidate this intriguing effect.

These studies illustrate the power of T-2DIR to directly
compare and contrast vibrational dynamics in the ground and
excited state of metal complexes. Similar T-2DIR experiments
have been performed to investigate vibrational dynamics of hot
photoproducts following UV photolysis.>>*> Such comparisons
allow one to relate vibrational coupling mechanisms to electron
density distribution and structure in molecules and what effect
this may have on the sampling of structural movement along
reaction coordinates, which define the efficiencies of various
electronic processes.

3. THE INFLUENCE OF BRIDGE-LOCALIZED
VIBRATIONS IN DONOR—-BRIDGE—ACCEPTOR
SYSTEMS

When electron transfer is mediated by molecular bridges in
donor—bridge—acceptor (DBA) systems,”*>* the bridge
structure and its thermal and nuclear motions modulate ET
probability®® by affecting a number of parameters including
electronic and vibronic coupling interactions. Much sophisti-
cated work has been devoted to formulating frameworks
capable of explaining the variety of ET mechanisms in DBA
systems, 43660

One theoretical framework considers controlling ET
processes using IR-excitation to affect vibronic interactions in
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the nonadiabatic (weakly electronically coupled) electron
tunneling medium. Skourtis, Beratan, and co-workers showed
that the exchange of energy between tunneling electrons and
bridge-localized nuclear modes (inelastic tunneling) may erase
interferences that govern ET pathways between a donor and
acceptor." In such cases, theory predicts that labeling specific
pathways by mode-specific excitation of bridge vibrations using
IR-light can effectively direct ET.">"*%" In an elegant study by
Rubtsov, Beratan, and co-workers,%* vibrational excitation with
broadband (~120 cm™') IR-pulses that perturbed the H-
bonding network linking donor and acceptor molecules was
shown to slow down the photoinduced intermolecular charge-
separation process and decrease its yield by ~1.8%.°> This
study demonstrated the viability of using IR-excitation to
perturb structural movement during charge separation and
consequently modulate ET eficiency.

In this section, we summarize some recent findings from our
group on the influence of bridge-localized nuclear modes in a
Pt(1l) trans-acetylide DBA system, PTZ—CH,—Ph—C=C-—
Pt(PBu;),—C=C—NAP (hereafter PTZ-CH,-Pt-NAP), where
PTZ is the electron donor group phenothiazine and NAP is the
acceptor naphthalene monoimide (Figure 4).°> The bridging
v(C=C) and acceptor-localized (C=0) modes are strong
infrared reporters, which allow monitoring of the excited state
dynamics using TRIR spectroscopy.

PBuj

V(C=0): v(C=0):
1900-2100 cm’! 1550-1700 cm'!
FC
Y, L ——
2.4 -1 <14 ps
Eevi | 41 10%_CSS
2.2 ‘ 1ns
___________ 33%4 _57%
1.9 / 1790 us oy SNAP
0.0 Ground state (GS)

Figure 4. DBA triad PTZ—CH,—Ph—C=C-Pt(PBu;),—C=C—
NAP (PTZ-CH,-Pt-NAP), its infrared reporters, and the summary
of its excited state evolution in CH,Cl, following 400 nm, 50 fs laser
excitation at room temperature.**** All states keep the same color-
coding throughout this section.

The section is split in two parts. Part 3.1 briefly reviews the
evidence of how bridge-localized excess energy influences ET
dynamics, as revealed by TRIR spectroscopy; part 3.2 applies
T-2DIR to selectively perturb bridging vibrations during charge
separation and probe the resulting modulation in excited state
dynamics.

3.1. Excited State Dynamics and the Effect of Excess
Energy

The complex excited state dynamics of PTZ—CH,—Pt—NAP in
solution was elucidated by a combination of methods,
predominantly ultrafast electronic transient absorption, TRIR,
and density functional theory (DFT) calculations.”® Laser
excitation (400 nm) initiates bridge-to-NAP ET, populating a
charge transfer (CT) manifold. CT is a gateway state from
which multiple ET pathways originate: forward ET from the
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donor, forming a full charge separated state (CSS); back ET,
reforming the ground state (GS); and the formation of a long-
lived 7—7* intraligand triplet state on the NAP moiety (*°NAP).
These photophysical pathways including the energies, yields,
and lifetimes are summarized in Figure 4.

An intriguing aspect in the excited state dynamics of this
system is the decay of CT to CSS, *NAP, and the GS over a
range of time scales concomitant with thermalization. This is
most evident in the TRIR spectrum in the acetylide frequency
region (Figure SA), where the broad signal with maximum at
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Figure 5. (A) TRIR spectrum in the acetylide frequency region and
(B) corresponding single-pixel kinetic traces plotted every 10 cm™
throughout the »(C=C) band in CT, from 1710 to 1908 cm™’
following 400 nm, S0 fs excitation of PTZ-CH,-Pt-NAP in CH,CL.%

1908 cm ™ is assigned to ¥(C=C) in CT. Figure 5B shows that
the rise and decay times of the signal systematically increase
with an increase in the detection frequency, from instrument-
limited ~200 fs to 14 ps. Such kinetic behavior and unusual
band broadening is in part due to the high-frequency mode
coupling to spatially close, anharmonically coupled low-
frequency modes that are vibrationally excited.”> As these
low-frequency modes relax, the high-frequency band narrows,
giving a direct probe of the thermalization of local low-
frequency bridge modes.

The nonexponential decay of v(C=C) in CT (~200 fs to 14
ps) mirrors the grow-in of the product states (GS, *NAP, and
CSS). This is direct evidence that electron transfer (ET) occurs
from a nonthermalized CT state. The fastest rates take place
when v(C=C) is broadest, indicating that ET rates scale with
the amount of excess vibrational energy localized on the
bridge.**®” This effect was confirmed by varying the excitation
wavelength and monitoring the changes in the spectral shape of
v(C=C) and concomitant ET dynamics.63
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3.2. Modulation of ET Rates and Pathways by Infrared
Stimulation of Bridge Vibrations

Several features in PTZ-CH,-Pt-NAP make it an ideal
candidate for attempting to perturb vibronic interactions in
the bridge using mode-specific IR excitation. The excited state
dynamics are complex, featuring multiple simultaneous ET
pathways. The high-frequency bridging (C=C) vibration is
well isolated in energy and space, facilitating selective
excitation. Furthermore, v(C=C) was previously identified as
the ET reaction coordinate in related Pt(II) trans-acetylides.68
Finally, as discussed above, the TRIR spectra showed that ET
from the charge-transfer state occurs concomitantly with
vibrational relaxation.

The experiment was performed using a variant of the T-
2DIR pulse sequence. A 400 nm, S0 fs pulse prepares the CT
state; a tunable narrowband IR pump (~12 cm™, ~1.5 ps
pulsewidth) then selectively excites the intense #(C=C) band
in CT 2 ps after the 400 nm pump. The product states
generated over all reaction pathways are then quantified with a
broadband IR probe (~400 cm™). The changes in IR
absorption were recorded as AAbs(IR,umpon—TRpumporr);s
which is the equivalent of {TRIR(IR pump ON) — TRIR(IR
pump OFF)}, thereby solely extracting the effect of the
intermediate IR-excitation.®*

The main result is displayed in Figure 6. AAbs(IRPumPON—
IR, ,moore) (bottom panel) 198 ps after vibrational excitation

time

UV pump IR pump IR probe
T v T
Zes,zot)ps cT
20 ¢ NN\ 4
uv IR prob
pump probe 3NAP\ CSS
GS 1

Q o4
[
£
N 1 T T T 1 = 1 T T
@
%0-2 1 "Roump (ON-OFF) +ANAP 1
0.0
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02] A7 -ACSS
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1700 1800 1900 2000 , 2100
Wavenumber (cm )

Figure 6. Results of the IR-modulation experiments. The top panel
shows the TRIR at representative delay times. The bottom panel
shows AAbs(IRpu.mpON_IRpumpOFF) 200 ps after UV excitation (198 ps
after IR excitation) that demonstrate suppression of the CSS and an
increase of the NAP pathway by IR excitation.**

(ie,, long after any vibrations have lost memory of IR excitation
through IVR and cooling) shows distinct signals associated with
the *NAP and CSS electronic states. The former is positive,
indicating that IR excitation increased the amount of *NAP
formed compared with the IR-pump-OFF case. The CSS-
associated signal is negative, indicating a suppression of this
pathway.
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A quantitative investigation reveals that for every molecule
that absorbs an IR photon, the CSS pathway (10% yield
without IR excitation) is fully switched off, with all excess
energy redirected toward the formation of more *NAP.** In
other words, the molecule acts as an IR-photoswitch. This effect
is mode-specific: pumping other modes such as v(C=O0) in
the same excited state does not affect product yields. It is also
time-specific: reversing the UV—IR pump pulse sequence to
vibrationally pre-excite (C=C) in the ground state accelerates
ET, as expected from the excess energy effects revealed with
TRIR spectroscopy, but does not affect product yields because
ET is accelerated uniformly across all pathways.®*

These experiments conclusively prove that nuclear motion in
the bridge radically affects the efficiencies and pathways of ET
reactions in DBA molecules. Using IR excitation to transiently
perturb bridge vibrational dynamics during ET processes may
ultimately lead to predictive IR-control of excited state
processes, with direct applications in a range of molecular
devices.

4. CONCLUDING REMARKS

This Account reviews our recent studies probing the interplay
between nuclear and electronic motion in charge transfer
transition metal complexes. We have used the powerful yet
accessible frequency-domain transient-2DIR method, which
combines electronic and vibrational excitations to provide
structure-specific information before, during, and after photo-
induced electronic processes.

Section 2 discusses how the distribution of electron density
has profound effects on vibrational energy flow in octahedral
Re(I) and Ru(Il) complexes: structural and thermodynamic
constraints that slow down IVR in the vicinity of the metal
center in the ground state are alleviated in the MLCT excited
state.

Section 3 presents a Pt(Il) trans-acetylide DBA system in
which bridge-localized vibronic effects dramatically affect ET
rates and pathways. Mode-specific excitation of the stretching
vibration of the bridging acetylide during ET completely
switches off the charge separation pathway, redirecting all
energy toward a long-lived intraligand triplet state. This
experiment illustrates that even in the condensed phase,
where memory of vibrational excitation is typically short-lived
due to rapid IVR, timely perturbation of structural movement
along the reaction coordinate can substantially affect excited
state dynamics, pathways, and product state yields.

The field has long moved on from the approximations that
separate nuclear and electronic motion to describe ultrafast
processes in condensed phase systems. Understanding and
ultimately controlling the vibronic interactions that dictate the
reaction pathways and efliciencies of various electronic
processes is one of the great challenges of modern chemistry,
which may open the door onto hitherto unexplored territories.
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