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Peak shift dynamics of CO stretching modes of [Re(R,-bpy)(CO);Cl] [R = COOH and COOEt] complexes in their
MLCT excited state were studied in polar solvents using femtosecond visible pump and IR probe spectroscopy. For Re
complex in dimethyl formamide, peak shift magnitudes for the three CO stretching modes are different but their dynam-
ics are identical. Comparison in different alcohols showed that peak shift magnitude increases with solvent dielectric
constant and peak shift time follows the trend of solvation time. The observed peak shift is attributed to solvation-in-
duced time-dependent vibrational Stokes shift. A general theory based on the Onsager dielectric continuum model of
solute solvent interaction and time-dependent reaction field was developed to qualitatively describe time-dependent vi-
brational Stokes shift. The theory predicts that the peak shift correlation function is determined by solvent dielectric re-
laxation at the vibration frequency, and the peak shift magnitudes are solvent and normal mode dependent. Although the
observed trend of solvation-induced vibrational Stokes shift is consistent with the theoretical predictions, other contribu-
tions such as solute polarizability should also be included in more complete models. Solvation induced vibrational
Stokes shift may be a general phenomenon in time-resolved vibrational spectroscopy of molecules undergoing signifi-
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cant change in charge or charge distribution.

Solvent dynamics play important roles on chemical reac-
tions in the condensed phase.'™ The effects of solvent dielec-
tric response on the static electronic spectra of solute mole-
cules have been extensively investigated and well described by
the Oshika-Lippert-Mataga equation.’ This equation is based
on Onsager dielectric continuum description of solvent—solute
interaction, in which solvent is treated as a dielectric continu-
um and the solute as a point dipole in a spherical cavity.%’
This theory was later extended to describe dynamic effect of
solvation on fluorescence spectra of solute molecules by van
der Zwan and Hynes® and Bagchi, Oxtoby and Fleming.” A
general microscopic theory that includes the effect of both vi-
brational relaxation and solvation on time-resolved fluores-
cence spectra was also developed by Loring, Yan and Muka-
mel.'® The predicted time-dependent fluorescence Stokes shift
(TDFESS) of solute molecules during the solvation process has
been observed by many experimental studies of dye molecules
in polar solvents.>!'?* The detailed molecular motions giving
rise to the solvent response were investigated by Molecular
Dynamics simulations.'*!>#'"%5  Through these experimental
and simulation studies, solvation dynamics and their effects on
solute electronic spectral evolution in bulk solution are well
understood.

The effect of solvation dynamics on the vibrational spectra
of solute has not been extensively investigated. To the best of
our knowledge, there have been only a few reports on this ef-
fect,”?® and a detailed theoretical and experimental under-
standing is still lacking. Time-resolved IR and Raman spec-
troscopy techniques have been widely used to study dynamical
processes in solution,?*** biological systems,*7 and interfac-
es. 8! In many systems, such as photo-synthetic reaction cen-

ter,*? mixed valence transition metal compounds,*** and dye

sensitized nanomaterials,*! significant charge redistribution oc-
curs as a result of photoexcitation. Subsequent reorganization
of the medium in response to charge change, i.e. solvation, is
expected. It remains unclear how the solvation process affects
the time-evolution of vibrational spectra of the solute mole-
cules in these systems. The understanding of this effect is im-
portant for the correct assignment of vibrational spectral evolu-
tion. Furthermore, it will allow the study of solvation dynam-
ics using time-resolved vibrational spectroscopy. This alterna-
tive approach has some unique advantages. This technique can
measure solvent response with probe molecules that have no
strong fluorescence but strong IR (or Raman) modes, hence
providing a wider range of probe molecules for solvation
study. Because it is very sensitive to specific solvent—solute in-
teractions such as hydrogen bonding,?” *~* IR probe of solva-
tion dynamics may provide molecular level understanding of
solvent motion during the solvation process, which is still elu-
sive to experimental studies.

In this paper, we present our recent study on the time evolu-
tion of solute vibrational spectra during solvation process. We
observed time-dependent vibrational peak shift of CO stretch-
ing bands of [Re(R,-bpy)(CO);Cl] [bpy = 2,2"-bipyridine, R
= COOH (called ReC0), and COOEt (ReC1M)] (Scheme 1) in
polar solvents. The magnitude and dynamics of the observed
peak shift depend systematically on the dielectric constant and
solvation time of the solvents respectively. The observed peak
shift is attributed to time-dependent vibrational Stokes shift of
solute molecule during the solvation process. To obtain a qual-
itative understanding of the time-dependent vibrational Stokes
shift, we develop a simple and general theoretical model to de-
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Scheme 1. (a) Structure of [Re(R,-bpy)(CO);Cl] [R =
COOH (called ReC0) or COOEt (called ReC1M)]. (b) Di-
rections of permanent dipole and dipole derivatives along
the three CO stretching normal modes.

scribe the effect of solvation on vibrational spectral change of
polyatomic solute molecules in polar solvents. We use the
Onsager dielectric continuum model to describe solvent solute
interaction. We extend Buckingham*** and Pullin’s*""? theo-
ry to account for the dynamic effect of solvation on solute vi-
brational spectral change. Solvation dynamics is described us-
ing the time-dependent reaction-field approach developed by
van der Zwan and Hynes.®> We consider a solute molecule with
different permanent dipole moment in the ground and excited
state. Photoexcitation of the solute molecule to an excited
state creates a solute in a nonequilibrium solvent configuration.
The theory describes the magnitude and dynamics of solute vi-
brational peak shift during the solvation process. A similar
theoretical model was recently used to account for CO stretch-
ing mode peak shift dynamics in the S, excited state of cou-
marin 152.%4

The remaining of the paper is organized as follows. In the
section of Theory, we present a theory for dynamic vibrational
Stokes shift of solute molecules during solvation process. In
the section of Experimental and Results, experimental details
and results of the femtosecond infrared study of the dynamic
vibrational peak shift of [Re(R,-bpy)CI(CO);] in polar solvents
are presented. We will discuss the contribution of vibrational
relaxation and solvation to the observed peak shift dynamics in
section of Discussion. We will also compare the observed
peak shift magnitude and dynamics with predictions of the
simple theoretical model to provide an qualitative explanation
and discuss other contributions.

Time-Dependent Vibration Stokes Shift

1. Theory

i) Theory of Static Vibrational Peak Shift. The effect of
solvent on the static vibrational spectra of solute has been a
problem of interest for a long time. Early theoretical studies
using dielectric continuum model dated back to Kirkwood.>’
More detailed theories were later developed by Buck-
ingham***° and Pullin.’’"? These theories of solvent induced
shift of solute static vibrational spectra are based on Onsager
dielectric continuum model of solvent solute interaction.

Assume that the gas phase potential for a polyatomic mole-
cule is given by:>!

1
Vo(eoliyn) = Ezlﬂhz — 3 by + .. (1a)
7 Tk

Here n; is the displacement along normal coordinate i and by
is the cubic anharmonic-coupling coefficient. It is assumed
that the total dipole moment of the molecule can be expanded
as a function of the normal mode displacement:

am = fo + Zﬂf’ni + Zﬁij”ﬂiﬂj

S (1b)
I on’ ! anion; ’

where [, is the permanent dipole and 7); is displacement in nor-
mal mode i. Within the Onsager continuum model for solute-
solvent interaction, the oscillating dipole leads to a normal-
mode-displacement dependent oscillating reaction field, R, and
solvent—solute interaction energy, U:>!

R = follo+ fo X AT+ fo 3 MM,
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where & and &, are static and high frequency dielectric con-
stants of solvent respectively. Treating the anharmonic terms
and solvent—solute interaction as a perturbation to the harmon-
ic potential and taking only the leading terms, the frequency
shift can be shown to be:*%*2
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where, v,y and v, are the frequency of normal mode r in the gas
and solution phase respectively.

ii) Time-Dependent Vibrational Stokes Shift. Let’s now
consider a time dependent experiment such as a visible pump/
IR probe experiment. At ¢ = 0, the excitation pulse promotes
the molecule to the lowest lying excited state, which has a per-
manent dipole moment that is different from the ground state.
We assume that the lowest excited state is far from other higher
lying states. This assumption can often be satisfied with prop-
er choice of molecules and excitation wavelength. In the theo-
retical treatment, we will neglect frequency shift due to vibra-
tional relaxation within the excited state, although this effect is
always present in real systems. Vibrational relaxation dynam-
ics can be separated by studying nonpolar solvents or solvent
free environment, in which solvation induced shift is much
smaller. It can also be studied by examining the change of
bandwidth, since cooling process also leads to band narrowing.
Furthermore, its contribution can be minimized by exciting the
molecule near the band origin. The contribution of vibrational
cooling to the total peak shift dynamics will be discussed in the
experimental section.

Photoexcitation creates the solute molecule in a different
electronic state and a nonequilibrium solvent configuration.
Change in electronic structure leads to an instantaneous
change in its gas phase frequency from v® to v,°. There are
two parts of the solvation-induced shift. The first term in Eq.
3a, contributed by the electronic part of the solvent dielectric
response, is also instantaneous. The second term, resulted
from the orientational contribution of the dielectric response, is
not instantaneous. The time dependence of this response was
elegantly treated by van der Zwan and Hynes.® They described
this orientational part of the time-dependent reaction field
R,(?), by a fictitious time-dependent dipole moment pi(f):

R()r(t) = ﬁ)r:a(t)a (4)
A(t) = Fgoll—z(t)]+ Heoz(2)

where [, and L,y are permanent dipole moments in the ground
and excited states respectively. z(7) is the solvation coordinate
whose value changes from 0 at the initial solvent configuration
to 1 at the equilibrium solvent configuration. Att = 0, z(0) =
0, and u(0) = L4, the orientational part of the reaction field re-
mains the same as that for the ground state dipole, since sol-
vent molecules have no time to respond to the excited state di-
pole yet. Att = oo, z(co) = 1, and u(oco) = L, the orienta-
tional part of the reaction field is determined by the dipole mo-
ment in the excited state, as the solvation process is completed.

Using time-dependent reaction field, we derive an expres-
sion for the time-dependent frequency shift in the excited state:

Y0 £ 125, o + 1,2 ]~ L0 1,52 ) (5)

Vr(t) = Vo~ 2/1 2/1
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It is more convenient to express the peak shift relative to the
equilibrium position in the excited state:

V() = v () = — 2”’0 ForSE - Alo[1—2(1)]
v, (0)— v, () = — V10 SRR (6)
Afly = Heo — flgo

Similar to fluorescence stoke shift, a peak shift correlation
function can also be defined:

Vr(t)_ vr(oc) —

W= 0w

—z(1) @)

As shown in Eq. 6, the solvation induced dynamic peak shift
has two contributions (contained in S,). The first term origi-
nates from the anharmonicity (b;,,) of the oscillator. The sol-
vent polarization changes the equilibrium position of the oscil-
lator, thus changing effective frequency of an anharmonic os-
cillator. The second term arises from terms quadratic in dis-
placement in the solvent—solute interaction potential, which
changes of the harmonic frequency of the oscillator. The first
term sums over all anharmonically coupled modes. However,
based on symmetry, change in equilibrium displacement can
only occur in totally symmetric modes' and cubic anharmo-
nicity coefficients, b;,,, are non-zero only if i belongs to totally
symmetric modes.”® Furthermore, this term is dominated by
modes with dipole derivatives that are large in magnitude and
lie along the direction of the permanent dipole moment
change, as shown in Eq. 3.

The vibrational peak shift correlation function, shown in Eq.
7, is given by solvation time, z(?), at the vibrational frequency.
It is now well accepted that solvation dynamics measured in
the optical frequency region for most solvents consist of an in-
ertial component and multiple slower diffusive components.
Vibrational peak shift correlation function is expected to have
similar dynamics, but they may be quantitatively different
from fluorescence Stokes shifts. Within the dielectric continu-
um model, the solvation time is given by the longitudinal re-
laxation time of a dipole moment change, z(f) = 1—Exp (—#/
71.), which is related to the Debye relaxation time, 7p, by:&g’59

Qe+ g
T e+ ™ ®

Since the high frequency dielectric constant, or refractive in-
dex, is different at the visible and IR wavelength, the solvation
time measured with vibrational peak shift can be different. It
should be noted that mid-IR refractive index for most liquids is
a complex function of wavelength because of resonance in nu-
merous IR absorption bands. Therefore, a general statement
regarding the differences in measured solvation times in the
visible and IR regions may be difficult. Although, we have
used a simple Debye liquid to illustrate the frequency depen-
dence of solvation time, this theory does not specify an explicit
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form of z(#), and should be applicable to complex liquids.

The theory predicts the following trend in solvation induced
vibrational Stokes shift:

1) Peak-shift correlation function is only dependent on sol-
vent property.

2) The peak shift magnitude depends on dielectric constants
of the solvent, solute dipole moment change between ground
and excited states, as well as property of the normal modes.

3) The magnitude of the peak shift is proportional to vector
product, S,eAn, which is normal mode specific. It depends on
cubic anharmonicity coefficients and the magnitude and direc-
tion of dipole derivatives of normal modes.

Experimental

Femtosecond IR Spectrometer: The femtosecond IR spec-
trometer used in these experiments is based on an amplified fem-
tosecond Ti:sapphire laser system from Clark-MXR (1 kHz repe-
tition rate at 800 nm, 100 fs pulse-width, 900 uJ/pulse). Nonlinear
frequency mixing techniques are used to generate mid-infrared
probe pulses and 400 nm pump pulses, the details of which have
been described elsewhere.*®! Briefly, the 800 nm output is split
into two beams at 500 and 400 pJ/pulse respectively. The 500 pJ
beam is used to pump an optical parametric amplifier to generate
two near-infrared pulses at about 1.5 and 1.9 um respectively.
These two pulses are then mixed in a AgGaS, crystal to generate
mid-infrared light at about 5 ym wavelength. The mid-infrared
probe pulse, with a bandwidth greater than 200 cm ™", is dispersed
into an imaging spectrograph where it is imaged onto a 32-ele-
ment HgCdTe (MCT) infrared array detector. The amplified out-
puts of the 32 elements were measured for every laser shot at a 1
kHz repetition rate. Each element of the array averaged a 2 cm™!
slice of the infrared spectrum so that the total spectral region cov-
ered by the array was about 70 cm~!. When desired, better (or
worse) spectral resolution could be obtained by using a more (or
less) dispersive grating. Transient kinetics traces at 32 wave-
lengths were collected simultaneously, from which transient spec-
tra at different delay times were constructed. The other 400 pJ
fundamental beam is attenuated with a variable neutral density fil-
ter and frequency doubled in a BBO crystal to make 400 nm puls-
es.

In all the experiments presented here, a moving solution or film
sample was pumped at 400 nm light and the subsequent absor-
bance change was measured in the 1820 — 2200 cm ™! region. The
diameters of the pump, with 1 to 3 pJ energy per pulse, and probe
beams were 400 and 300 pum respectively. The instrument re-
sponse function, i.e. the cross-correlation of the pump and probe
pulses, was measured in a thin silicon wafer, in which 400 nm ex-
citation leads to instantaneous generation of free carriers that ab-
sorbed strongly in the mid-infrared region. The typical instrument
response was well represented by a Gaussian function with a
FWHM of less than 200 fs.

Sample Preparations: Transition metal complexes [Re(R»-
bpy)(CO);Cl] [bpy = 2, 2"-bipyridine, R = COOH (called ReC0),
and COOEt (ReC1M)] were chosen for the study because they
have been shown to exhibit IR rigidochromic effect™®> and their
photophysics have been well examined.®> They are prepared ac-
cording to a published procedure.” ReC1M and ReCO0 have very
similar UV-visible and IR spectra, but the former is much more
soluble in alcohols. The solution sample in dimethyl formamide
(DMF) was prepared by dissolving ReCO and ReC1M to 1.8 mM
concentration. The solution sample of ReC1M in alcohol has con-

Time-Dependent Vibration Stokes Shift

centration of about 1 mM. Methanol (MeOH), ethanol (EtOH), 2-
propanol (2-PrOH), and isobutyl alcohol (i-BuOH) are spectros-
copy grade solvents used as received. These samples were stable
for at least several days in the dark. The sample cell, with a path
length of 250 um, were scanned rapidly and/or flowed continuous-
ly in a peristaltic pump during measurements to prevent any long
term photo-product build-up. The integrity of samples were
checked by UV-visible and IR spectra. No noticeable degradation
was observed during the course of transient absorption measure-
ment.

Spectra Fitting: Most transient spectra shown later have
been fitted to obtain peak position and width. Each ground and
excited state peak is represented by a gaussian function. The posi-
tion and width of the ground state peaks (bleach) and their relative
amplitude are fixed as measured in FTIR spectrum. The excited
state peak position, width, and amplitude are allowed to vary to
obtain the best fit. Examples of the fitted spectra are shown in Fig.
4.

Results

1) ReC0 in DMF. Shown in Fig. 1 are transient IR differ-
ent spectra of ReCO in DMF at different delay times. 400 nm
excitation, near the center the MLCT band, promotes an elec-
tron from the d-orbitals of Re(I) to the ©™ orbital of bipyridine.
The lifetimes of the MLCT excited state of similar Re com-
plexes have been extensively studied as a model system of ET
in the Marcus inverted region, and are known to be >> 1ns.%?
The CO stretching modes in the excited state, at 1960, 1990
and 2070 cm ™', are blue shifted from their ground state posi-
tions at 1890, 1915 and 2020 cm™'. This blue shift resulted
from the reduced electron density in the metal center in the
MLCT excited state.! Similar vibrational spectra were mea-
sured for ReC1M in DMF (results not shown).

To assign the three CO stretching modes, we measured
anisotropy values of the 400 nm pump— IR probe transient
signal for ReCIM in DMFE. The anisotropy decay curves mea-
sured at 1890, 1915 and 2020 cm ™' are shown in Fig. 2. The
initial anisotropy values are —0.1, —0.2 and 0.35 respective-
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Fig. 1. Transient IR difference spectra of ReCO in DMF at

different delay time after 400 nm excitation.
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Fig. 2. Anisotropy values for bleaches of the ground state
CO stretching bands of ReCIM in DMF. The solid lines
are fits and solid circles are experimental data.

ly. The initial anisotropy values for the excited state peaks at
1960, 1990 and 2070 cm ™" are about —0.2 = 0.1, —0.1 = 0.1
and 0.2. These results indicate that the highest frequency peak
at 2070 cm ™! has a positive anisotropy value and the lower fre-
quency peaks have negative anisotropy. Unfortunately, the
poor data quality does not allow unambiguous differentiation
of the two lower frequency peaks.

As shown in Fig. 1, the excited state peak positions of ReCO
in DMF shift toward high frequency with delay time. Similar
blue shift was observed in ReC1M in DMF. These spectra at
different delay times were fit by the procedure outlined in ex-
perimental section. The fitting result yields the peak position
and width of the three excited state peaks at different delay
time. Shown in Fig. 3a are the peak shift dynamics for the
three peaks. The peak at 1958 cm™! shows much less dynamic
peak shift compared to the other two peaks. This trend is also
evident in the transient spectra shown in Fig. 1. Similar mode-
dependent peak-shift has been observed for ReCIM in DMF.
To compare the rate of peak shift in different CO stretching
bands, these three traces were normalized. As shown in Fig.
3b, their peak shift dynamics are identical within the experi-
mental error.

2) ReC1IM in Alcohols. As will be discussed later, the
peak shift dynamics contains contributions from vibrational re-
laxation and solvation process. The solvation component
should depend on solvent dynamics. Since all three CO
stretching modes show same dynamics in DMF, we will com-
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Fig. 3. Dynamic peak shift (relative to + = 0) of the excited
state CO stretching bands of ReC0O in DMF.

pare only the high frequency mode in different solvents. This
mode is chosen because it is free from spectral overlap with
other two modes. ReCI1M is used in this study because of its
better solubility in alcohols than ReC0O. Shown in Fig. 4 are
the transient spectra for ReC1M in MeOH and i-BuOH at dif-
ferent delay times. The symbols are the experimental values
and the solid lines are fits of the data. While the ground state
positions of ReC1M in these solvents are similar, their final ex-
cited state peak positions are different. Furthermore, the time
scales of peak shift are clearly different. Shown in Fig. 5 are
comparisons of peak shift dynamics in MeOH, EtOH, i-PrOH
and i-BuOH. The relative peak shift is shown in panel A and
the normalized comparison is shown in panel B. The symbols
are peak positions obtained from fitting the spectra. The peak
shift is calculated relative to the position at t = 0. Because of
limited time resolution and perturbed free induction decay sig-
nal,®® there is large uncertainty in the peak position at t = 0.
As a result the amount of peak shift that occurs < 100 fs were
not accurately determined. These peak shift dynamics are well
fitted by three-exponential functions. The fitting parameters
are summarized in Table 1. The amplitude and rate of peak
shift decreases from MeOH to BuOH. Peak width changes ob-
tained from the spectral fitting are shown in Fig. 6. For
ReCIM in these solvents and in DMF (result not shown) the
peak width decreases with a time constant of about 4 ps, inde-
pendent of solvent environment.

Discussion

1) Spectral Assignment. Both ReC0O and ReC1M have C;
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Table 1. Comparison of Peak Shift Magnitude and Dynamics in Different Solvents

Solvent £ Total shift Solvation shift Dynamic shift Fitting parameters
[Avy = V.= V,] [Avr—20.4] [Ve(00)— Ve (0)] T)/ps T/ps T5/ps
cm cm ! cm ! a a as
MeOH 0.71 37.1 16.7 20.4 <0.1 4.3 ps
39% 61% 0%
EtOH 0.67 35.7 153 18.5 <0.1 4.0 ps 20 ps
22% 57% 21%
2-PrOH 0.63* 333 12.9 16.9 <0.1 4.3 ps 33 ps
24% 50% 26%
i-BuOH 0.61* 327 12.3 16.3 <0.1 4.3 ps 55 ps
18% 57% 25%
on ZrO, 20.4 0 9.4 4.5 ps
100%

*: Literature values are for 1-PrOH and 1-BuOH.

Absorbance

Absorbance

-0.002 a) 0.2-0.5 ps
-0.004 — b) 2-5 ps
-0.006— c) 10-20 ps
1 : ¢ d) 200-300 pq
-0'008 II'Iilllllllllll|[I|5[l)l|!llllp|
2020 2040 2060 2080
Wavenumbers (cm-1)
Fig. 4. Transient IR difference spectra of a’(1) mode of

ReC1M in A) MeOH and B) i-BuOH. Symbols are experi-
mental data and solid curves are fitted spectra.

symmetry, with three IR active CO stretching normal modes:
two symmetric a’(1), a’(2) and one anti-symmetric mode a”.
Normal mode analysis for a similar molecule with the same
symmetry, [Re(bpy),(CO);C1]% showed that asymmetric CO
stretch mode (a”) involves only the in plane CO groups and the
symmetric CO stretches involve all three CO ligands. The di-
pole derivative of the anti-symmetric mode lies on the y-axis,
perpendicular to the C; symmetry plane. The dipole derivative
for both symmetric a’(1) and a’(2) modes are in the symmetry
plane lying at an angle of ~28° and ~62° relative to the z axis
respectively.5

The transition dipole to the MLCT excited state lies on the
z-axis, connecting the Re atom to the center of the bipyridine

ligand. The identity of the three modes and their transition di-
pole direction can be determined from the anisotropy values
measured in the polarized 400 pump and IR probe experiment.
Dipole derivatives along a normal mode determines the direc-
tion and magnitude of the IR transition dipole. From the mea-
sured anisotropy values of —0.1, —0.2 and 0.35 for the bands
at 1890, 1915 and 2020 cm™', we can assign them to a’(2), a”
and a’(1) modes respectively. As expected from symmetry, a”
mode is perpendicular to the symmetry plane and the MLCT
transition dipole, giving rise to an anisotropy value of —0.2.
From their anisotropy values, IR transition dipoles of a’(1) and
a’(2) modes lie at an angle of 22° and 73° off the z axis, consis-
tent with previous normal mode analysis of a similar com-
pound.** The slight difference may result from the slightly dif-
ferent structures of these molecules and uncertainty in the
measured anisotropy values.

The excited state peaks are more difficult to assign from the
anisotropy values. The molecule retains C,; symmetry in the
excited state. From the positive anisotropy value, we can as-
sign the band at 2070 cm™! to that of a’(1) mode. The anisot-
ropy values for the two low frequency bands are too noisy to
distinguish. It is unclear why these anisotropy values are much
smaller than those for the ground state peaks. It is interesting
to note that similarly smaller excited state anisotropy values
for [Re((bpy)CO);Cl] in low temperature matrices were also
observed and unaccounted for.> We tentatively assigned the
excited state peaks at 1960 and 1990 cm ' to a’(2) and a”
modes based on their corresponding position to ground state
peaks at 1890 and 1915 cm™ ' This assignment is widely
used in the literature,% although, to the best of our knowledge,
there was not any direct experimental evidence. A definitive
assignment and the origin of low anisotropy values of the ex-
cited state peaks are questions for ongoing studies.

2) Vibrational Cooling. 400 nm excitation of the Re
complexes to the formally 'MLCT state deposits ~10,000
cm™! excess energy above the lowest lying MLCT state.®
Strong mixing between the singlet and triplet states lead to <
100 fs intersystem crossing in related [Ru(bpy);] complex,®
which may be considered as relaxation within the strongly
mixed MLCT manifold. We assume similar ultrafast electron-
ic relaxation within the MLCT manifold for the Re complexes,
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ferent alcohols. Symbols are peak position obtained from
spectra fitting. Solid curves are multi-exponential fits to
the peak shift data with parameters listed in Table 1.

and that the observed vibrational peak shift after the initial ex-
citation is associated with the molecule in the lowest lying
MLCT state. The effect of vibrational relaxation in the excited
state needs to be understood before we can address the solva-
tion induced peak shift. We have investigated vibrational cool-
ing for ReCO on ZrO, thin films, which we consider as a model
for weakly-solvated environment. As shown previously, the
initially broadened CO stretch bands undergo continuous blue
shift and narrowing on the a few picosecond time scale.®' The
absorbance at the peak position of the a’(1) mode at 2069cm ™
was found to rise with a time constant of 1.7 ps. The measured
kinetics is dependent on the probe wavelength. We have since
acquired better data that allow us to fit the transient spectra to
obtain peak position and width at any delay times. The analy-
sis yielded a peak shift dynamics of the 4.5 ps and a peak
width narrowing dynamics of 5 ps (result not shown). These
features are strong indication of the vibration cooling process.
Vibrationally hot molecules show broadened and red shifted
CO stretching bands,”” due to anharmonic coupling with low
frequency modes. As the molecule cools, the CO band blue
shifts and narrows.

Very similar peak width narrowing dynamics of a’(1) mode
were observed for ReCIM in different alcohols as shown in
Fig. 6. Peaks also narrow by about 4 cm ™! with time constants
of 4-5 ps. These results indicate that the vibrational relaxation
dynamics of modes coupled to CO stretching mode are not
sensitive to the solvent environment and probably occur via
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Fig. 6. Peak width narrowing dynamics of the a’(1) mode of
ReC1M in different alcohols. Symbols are peak width data

obtained from spectra fitting and solid curves are exponen-
tial fits.

predominantly intramolecular pathways. Therefore, we can
estimate the contribution of vibrational cooling to the total
peak shift by studying the molecule in a nonpolar or solvent
free environment. For ReCO on ZrO, films, the total shift from
ground to excited state is ~20 cm™'. This value is similar to
the peak shift observed for related Re carbonyl complexes in
low temperature matrices™>> but much less than the ~50
cm™ ' shift observed for the same molecule in the DMF. The
instantaneous part, accounting for half of the total shift, results
from change of electronic structure. The subsequent dynamic
shift from the initial peak position at ~0 fs to the final position
amounts to ~10 cm ™!, This value can be considered as the up-
per limit of peak shift caused by vibrational cooling of a’(1)
mode. It may contain small contribution from polarization of
the ZrO, film and small amount of water that may be absorbed
on the surface. The magnitude and dynamics of solvation in-
duced peak shift in the solid/liquid interface are questions of
great interests in ongoing studies.

3) Origin of Time-Dependent Vibrational Stokes Shift:
Onsager Continuum Model. Comparison of peak shifts in
low temperature matrices,”>™ ZrO, films and bulk solution in-
dicates that solvation introduces significant additional peak
shift in CO stretching modes in polar solvents, which is re-
ferred to as the time-dependent vibrational Stokes shift. In
fact, in DMF solution solvation induced peak shift is much
larger than the estimated contribution from vibrational relax-
ation. The solvent dependence of peak shift magnitude and
dynamics suggests that the observed peak shift is caused by the
solvation response of the polar solvent. To provide insight into
the origin of the time-dependent vibrational Stokes shift, we
developed a simple model based on Onsager dielectric contin-
uum model, as outlined in the section of Theory. In this sec-
tion, we will compare the observed peak shift with theoretical
predictions of the simple model. The limitations of the model
will be discussed in the next section.

Solvent-Dependent Peak Shift: According to the theory
outlined in the section of Theory, vibrational Stokes dynamics
should follow the solvation time z(¢) in the infrared frequency
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and its amplitude should follow the dielectric constant as given
by Eq. 6.

The peak shift magnitude of the a’(1) CO stretching mode
decreases from MeOH to EtOH, PrOH and BuOH as shown in
Fig. SA. However, the dynamics peak shift has contributions
from both vibrational cooling and solvation. We assume that
the 20 cm™! total peak shift from ground to excited state ob-
served for a’(1) of ReC0 on ZrO, film contains the contribution
from electronic structure change and vibrational relaxation. It
is further assumed that shift caused by these two factors is the
same for ReC0O and ReC1M, and in different solvent environ-
ments. With these assumptions, the solvation induced peak
shift in different solvents can be calculated by subtracting 20
cm™! from the total peak shift. Shown in Table 1 are various
peak shift values and the f,, factor from literature.! These f,,
factors are calculated using refractive index values in the visi-
ble. In general, refractive index in the mid-infrared is a com-
plex function of wavelength because of resonances in IR ab-
sorption bands. However, in regions far away from resonanc-
es, its value is only slightly smaller than those in the visible.”
For MeOH its value changes from 1.68 at 1020 cm ™' to 1.08 at
1044 cm™' because of a resonance at ~1030 cm™'. The re-
fractive index at 1900-2060 cm ™' region is ~1.328, almost
identical to the value of 1.327 at 598 nm. It is interesting to
note that a plot of the solvation induced shift Avg vs f,, factor
showed an approximately linear dependence in this narrow
range of solvents. Measurement in solvents with a much wider
range of f,, values should be carried out before a more defini-
tive relationship can be determined. Furthermore, the absolute
magnitudes of peak-shift in different solvents are still uncer-
tain. For example the sum of solvation peak shift + vibration-
al cooling peak shift (9 cm™') is about 4 cm™! larger than the
dynamic peak shift. This could result from a under-estimate of
dynamic peak shift, caused by poorly defined peak position at
early time, or over-estimate of vibration cooling contribution,
caused by solvation shift in the film. Nevertheless, it is clear
that the magnitude of solvation induced peak shift follows the
trend of decreasing f,, factor in these liquids, which is consis-
tent with the theoretical prediction.

The vibrational peak shift correlation functions in these al-
cohols, as shown in Fig. 5B, becomes increasingly slower from
MeOH to BuOH. They follow the trend of the known solva-
tion dynamics in these solvents measured by fluorescence
Stokes shift.! Fluorescence stoke shift correlation functions
in these solvents typically contain an inertial component of
sub-100 fs and slower diffusive components. They are charac-
terized by multi-exponential functions and well documented in
literatures.'® The average correlation time, <7>>, defined as
the amplitude weighted sum of the exponential time constants,
is 5, 16, 26, and 63 ps for MeOH, EtOH, 1-PrOH and 1-BuOH
respectively. The measured IR peak shift correlation functions
are also well described by multiple exponential functions with
a sub-100 fs component and multiple slower components.
Within the limited number of solvents studied, the measured
solvation dynamics are in qualitative agreement with those
measured by time dependent Stokes shift.

A quantitative comparison between the measured IR peak
shift correlation and fluorescence Stokes shift is difficult be-
cause the former contains significant contribution from vibra-
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tional relaxation. As shown in Table 1, there is a 4-5 ps com-
ponent in all solvent although its magnitude varies. This com-
ponent includes contribution from vibrational relaxation and
solvation. We have not found a reliable way to subtract the
contribution of the former. In ongoing experiments, we plan to
reduce the contribution from vibrational relaxation by exciting
the molecule closer to its band origin. Measurements in non-
polar solvents will also help to determine more accurately the
contribution of vibration relaxation induced peak shift. There
is a < 100 fs solvation component in all four solvents. Its time
constant and relative amplitude to the total shift is not accu-
rately determined because of the lack of time resolution.

This work was motivated by recent microsecond time-re-
solved infrared studies of excited state dynamics of transition
metal complexes.™ > It was observed that CO stretch bands
peak shifts in the SMLCT excited state of [Re(bpy)CI(CO);]
are much larger in fluid solutions than in low temperature ma-
trices. This effect, called IR rigidochromism, was attributed to
reduced solvation responses of frozen matrices because their
rotation motion was restricted. In this study, we directly re-
solve the CO stretching mode peak shift dynamics of [Re(R,-
bpy)CI(CO);] [R = COOH or COOEt] in polar solvents during
the solvation process. The observed trend can also be used to
explain the IR rigidochromic effect observed for [Re(bpy)-
CI(CO);] in low temperature matrices.”>> In frozen matrices,
the solvent molecules can not undergo reorientation motion.
The reduced peak shift in matrices can be attributed to the lack
of the orientational solvation contribution to the total peak
shift.

Mode-Dependence. One of unique aspect of vibrational
Stokes shift is the normal mode dependence of peak shift mag-
nitude. As shown in Eq. 6 the magnitude of the shift is depen-
dent on the vector product, S,«Au of mode specific parameter
S, and the dipole moment change, while the peak shift correla-
tion function are mode independent. As shown in Figs. 1 and
3, the magnitude of peak shift is dependent on the normal
modes, consistent with the theoretical expectation. Further-
more, the normalized peak shift dynamics (i.e. the correlation
function) in different modes are identical within the experi-
mental error (Fig. 3b) also in agreement with the theory.

The S,Ay, term can be further simplified in many cases.!
For [Re(dcbpy)(CO);Cl], both the ground and excited state
permanent dipoles lie in the C; symmetry plane. Although the
exact magnitude and direction are not well determined,®® the
vector of dipole moment change, Auly, should lie in the symme-
try plane, as shown in Fig. 1b. The dipole derivatives along
these normal modes are indicated by arrows in Fig. 1b.* For
simplicity, we assume that CO stretching modes are the domi-
nating modes in the anharmonic coupling term because of their
strong oscillator strength. For convenience, we designate v, =
a'(1), v, = d’(2), and v; = a”. The mode specific parameters
S, Al are given by:

¢ am _ Obiy o, Obyy o, o,
Si-Af = =i vApH%uz AR+ iy - AL
1 2
N - 6b =/ - 6b =/ - = " -
Sp-Af = S AR =S AL AL (9)
1 2
o 6bi ., . 6buy o,
S-AlL = 17133#1 'Aﬁﬁ'%ﬂz -Afl
1
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133" lies along y axis and its vector products with permanent di-
pole moment change® is zero. It has been estimated that peak
shift may be dominated by the anharmonicity terms.>>? In
that case, the above equations can be further simplified.

It should be emphasized here that the peak shift direction
and magnitude of each mode is determined by dipole deriva-
tive of all modes it coupled to and the coupling coefficients as
shown in Eq. 9. To quantify the difference in the peak shift for
different modes, the values of the anharmonic coupling coeffi-
cients, dipole derivatives and vector of permanent dipole mo-
ment change are needed. Many of these parameters are not
available for the Re complexes. In molecules with higher sym-
metry, the orientations of permanent dipole moments in
ground and excited state are more uniquely determined. The
dipole derivative is directly related to the oscillator strength
and can be readily obtained. The cubic anharmonicity coeffi-
cients are more difficult to obtain. These parameters may be
obtainable in molecules with fewer CO groups. Future experi-
ments will explore more quantitative aspects of the theoretical
prediction.

4) Origin of Time-Dependent Vibrational Stokes Shift:
Contribution of Solute Polarizability. The simple theoreti-
cal model based on non-polarizable solute in dielectric contin-
uum of solvent predicts trends that are consistent with the ob-
served peak shifts in CO stretching modes in Re complexes.
This model provided a simple qualitative explanation of the
time-dependent vibrational Stokes shift. More quantitative
analysis requires full consideration of all contributions, which
are beyond the simple analytical formula shown in the section
of Theory. For example, this theory neglects the contribution
of solute polarizability. The time-dependent reaction field po-
larizes the solute, increasing its dipole moment, which in turn
changes the reaction field. Polarizability has been shown to
have non-negligible effect on fluorescence stoke shift even
within the continuum model.” The effect of polarizability on
the static vibrational spectra of solute has been formulated.**->
However, rigorous incorporation of polarizability in the time-
dependent fluorescence Stokes shift expression was shown to
be difficult.’ Same difficulty exists in including solute polariz-
ability in the theory of dynamics vibrational peak shift. The
contribution of polarizability to solute dipole moment and flu-
orescence stoke shift has been examined by molecular dynam-
ics simulations.?>”" Tt was found that solute polarizability
changes the structure of the solvation shell and decreases the
solvation rate.”*’® The solvation-induced change of solute
charge distribution can be particularly significant in charge
transfer complexes.”!

In Re complexes, the excited state is a MLCT state, in
which electron is moved from the Re d orbital to the T orbital
of bipyridine ring. It is quite possible that in a polar solvent,
solvation can lead to a large change in charge distribution in
the MLCT state. This can affect the CO stretching frequency
by two mechanisms. The first mechanism is a direct electronic
effect, in which solvation-induced change of charge distribu-
tion affects CO bond strength directly. Because of the metal
center to ligand dn—r™ back bonding, CO stretching frequency
is sensitive to charge density on the metal center. In the Re
complexes, the metal dr orbitals are also mixed with the T or-
bitals of bipyridine. Increasing the electron withdrawing abili-
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ty of the R group on the bipyridine ring increases the dm—
n*(bpy) and decreases the dm—n*(CO) back donation, leading
to an increase in the CO stretching frequency.®? This orbital
mixing was also shown in recent calculation of a related Ru
complex.” Solvation induced change in the charge distribu-
tion in the 7* orbital of bpy or Re center will lead to a direct
change in CO stretching frequency. In the second mechanism,
solvation leads to dipole moment change of the polarizable
solute, which affects the solvation induced vibration peak shift
through the interaction of oscillating dipole with the reaction
field, as outlined in the theory section. It should be pointed out
that these alternative mechanisms are also induced by the sol-
vation process, and will be solvent dependent. However, the
dependence is more difficult to quantify through a simple theo-
ry. Itis quite likely that all three effects contribute to the over-
all shift. Their relative contributions remain to be more care-
fully examined in future studies of simpler systems.

Conclusion

Ultrafast dynamics of Re(CO);CI(R,-bpy) [R = COOH and
COOEt] complexes in *MLCT excited state were studied using
sub-picosecond visible pump/IR probe spectroscopy. Time-
dependent peak shifts in CO stretching modes were observed
in polar solvents. The magnitudes of the peak shifts in DMF
are different in three CO stretching modes, while their peak
shift dynamics are similar. The observed peak shifts in DMF
and alcohols are dominated by solvation induced peak shift,
i.e. the time-dependent vibrational Stokes shift, although there
is non-negligible contribution from vibrational relaxation. The
latter was studied on ZrO, thin films, in which the molecule is
at best weakly solvated. The magnitude and dynamics of the
peak shift are solvent dependent. For the four alcohol solvents
studied, the magnitude decreases from MeOH, EtOH, PrOH
and BuOH while the rate decreases from MeOH to BuOH.
The peak shift magnitude varies approximately linearly with
the f,, factor in the limited solvent range. The observed peak
shift dynamics agree with the trend of known solvation time in
these solvents, but a quantitative comparison was hindered by
the contribution from vibrational cooling dynamics.

To explain the origin of time-dependent vibrational Stokes
shift, a general theory based on dielectric continuum model
was developed. We extended the theory of static vibrational
peak shift by Buckingham**° and Pullin®'*? to account for the
dynamic solvation effect. In this model, the solute molecule
was modeled as a non-polarizable point dipole in a spherical
cavity embedded in the solvent dielectric continuum. The sol-
ute vibrational motion leads to oscillating terms in solvent-sol-
ute interaction that are dependent on normal mode displace-
ments. The solvation process was incorporated using the time-
dependent reaction field developed by ver der Zwan and
Hynes.® The resulting theory predicts that the peak shift corre-
lation time is determined by the dynamics of solvent dielectric
relaxation in the vibration frequency and the magnitude of
peak shift is dependent on solvent and normal mode.

The qualitative trend of the observed vibrational Stokes shift
dynamics is consistent with the predictions of the theoretical
model. However, quantitative comparison has yet to be carried
out. There are other contributions to the observed dynamics.
The polarizability of the solute molecule may affect the peak
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shift dynamics directly by changing the charge density on Re
center and indirectly by changing the dipole moment in the ex-
cited state. More works are needed to quantify the contribu-
tion from each process. It appears that polar solvation can lead
to significant vibrational peak shift of solute molecules when
there is large change of charge or charge distribution upon ex-
citation. It should be a general phenomenon in time-resolved
vibrational spectroscopy.
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