J. Phys. Chem. R004,108,1333-1341 1333

Vibrational Population Relaxation and Dephasing Dynamics of Fe(CNy*~ in DO with
Third-Order Nonlinear Infrared Spectroscopy

Kaoru Ohta, ' Hiroaki Maekawa, " and Keisuke Tominaga*'+$

Graduate School of Science and Technology and Molecular Photoscience Research Center, Kelsty)ni
Nada-ku, Kobe 657-8501, Japan, and CREST/JST

Receied: October 5, 2003; In Final Form: December 15, 2003

Third-order nonlinear IR spectroscopy has been used to study the vibrational population relaxation and the
vibrational dephasing dynamics of the CN stretching mode of FefCN) D,O. Transient-grating signals in

the magic-angle condition show a biexponential decay upon the excitation of thde of the CN stretching
motion. A fast-decaying component-{00 fs) of the transient-grating signal is attributed to the rapid
equilibration between the ;T mode and the Raman-active modes. The time scale of the slow-decaying
component is around 23 ps, which corresponds to the vibrational population relaxation fronrthestate

of the CN stretching mode. Anisotropy of the transient-grating signal decays with a time constant of 2.6 ps,
which is due to the time evolution of the superposition states of the triply degengpatedes. Three-pulse
photon-echo measurements showed that the correlation function of the frequency fluctuations decays
biexponentially with time constants of 80 fs and 1.5 ps. The time scales of the decay of the correlation
function are similar to those for SCNin D,O even though the coupling strength of the sohaelvent
interaction depends on the systems. On the basis of these results, we discuss the vibrational dynamics of the
CN stretching mode of Fe(Chf) in DO.

1. Introduction cannot be described by a single time consfahhree-pulse

In the condensed phase, the line width of the vibrational Photon-echo experiment is a useful technique to probe such a
spectrum is broader than that in the gas phase. Vibrational linespectral diffusion process with multiple time scale%his
shapes contain information on the dynamical interaction with Method has been used to determine the vibrational frequency
the environment2 Traditionally the mechanism of the broaden- correlation functions for small molecules in solutions and protein
ing has been classified into two; a rapid modulation of the environmentd%-12 In the case of the vibrational transition, the
energy gap between the ground and excited states occurs b)ﬁime scale of the vibrational dephasing is sometimes similar to
the interaction with the neighboring solvent molecules (homo- that of the vibrational population relaxation and/or the rotational
geneous broadening). Furthermore, each solute molecule somet€laxation. These processes take place on a picosecond time
times has different transition frequency due to the heterogeneityscale for small polyatomic molecules. In some cases, the
of the local structure of the solutsolvent configuration ~ dephasing process is dominated by the population relaxation.
(inhomogeneous broadening). From the line shape analysis ofFor €xample, a sub-picosecond decay in the vibrational popula-
the linear absorption spectrum, we could extract information tion relaxation was observed for the=© stretching mode of
on the broadening mechanism in principfeHowever, it always acetic acid dimée and the antisymmetric stretching of the
has certain ambiguity in separating various contributions to the N=C=N bond!* On the basis of the stimulated photon-echo
line shape. Vibrational photon-echo spectroscopy has beenmeasurement, vibrational dephasing occurs on a similar time
shown to be a powerful tool to eliminate static inhomogeneous Scale to the vibrational population relaxation. In this case,
broadening contributions from the line shape of the vibrational Vibrational population relaxation plays an important role in the
spectrum, particularly when there is clear distinction of the time dephasing process. Therefore, it is important to obtain informa-
scales between the fast- and slow-frequency modulations of thetion on not only the vibrational frequency correlation function
vibrational transitiorf. Fayer and co-workers used a two-pulse but also the vibrational population relaxation time and rotational
photon-echo method to study the vibrational dephasing in relaxation time for characterizing the vibrational dynamics in
liquids, polymer, and proteirfs8 Combined with the results ~ the condensed phase. Puappobe and/or transient-grating
of the polarization sensitive pumprobe and transient-grating ~ Methods with the polarized lights provide information on the
experiments, they separated the contribution of pure dephasingPopulation dynamics such as the vibrational population relax-
population relaxation, and orientational relaxation from the line ation time and orientational relaxation.
shape of the absorption spectrfim. Recent experimental studies of the vibrational dynamics on

In room-temperature solution, the spectral diffusion process Small ions in water provide information on the mechanism of

or solvation dynamics often occurs on multiple time scales and the vibrational dynamic¥*> which have stimulated theoreti-
cal studies. Hamm et al. used a three-pulse photon-echo method
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attributed to the dynamics of the hydrogen bofti$he time For measurements of the steady-state Raman spectrum, a 488-
scale of the fast-decaying component was pointed out to be nm line from an Ar ion laser was used for the excitation. The
similar to the inertial component of the solvation dynamics. We Raman scattering at 90vas collected and dispersed with a
also performed three-pulse photon-echo measurements for thelouble monochromator. The Raman spectrum was detected with
antisymmetric stretching of OCNand SCN in methanok® a CCD detector.
The correlation function of the vibrational frequency fluctuation K4[Fe(CN)]-3H,0 and KSCN was purchased from WAKO
decays with a bimodal feature. The slower decay of the Pure Chemical Industries, and@was purchased from Aldrich.
correlation function is around 4 ps, which is slower than that Both were used without further purification. The sample was
of N3~ in D0. It was found that the amplitude of the coupling 27 mM solution for Fe(CNy#~ and 235 mM for SCN in a
strength to the solvent for SCNs larger than that for OCN CaF, cell with an optical path length of 26m. All measure-
while the time scale of the frequency fluctuation is similar for ments were performed at ambient temperature (295 K).
the both cases.

In this paper, we have investigated the vibrational population 3. Theoretical Background
relaxation and vibrational dephasing of the CN stretching mode

IR photon-echo and transient-grating methods are time-
for Fe(CN)*~ in D,O with third-order IR nonlinear spectros- P g g

7 . domain nonlinear techniques based on the third-order nonlin-
copy. Fe(CNy* b_elongs to theOy point group, and the_ 'R'_ earity of the optical polarization. A third-order nonlinear optical
active CN stretching modes are triply degenerate. A direction ;g7 s expressed by integrating the polarization with respect
of the antisymmetric motion of the triply degenerate CN "\ hich is given as follows

stretching mode (I, mode) is orthogonal to each other. The

T1w mode is an antisymmetric CN stretching motion of the o 2

opposite in-line CN pairs. Fayer and co-workers made com- @D = [, IPET.DF dt 1)
prehensive work on vibrational dynamics of the CO stretching
mode of W(CO) by third-order nonlinear-IR spectroscof#t:22

For such a system, it is important to understand not only the
vibrational population relaxation from the;’mode to other
intramolecular or intermolecular modes but also the time
evolution of the population distribution process among the three w w0 w
states of the T, mode, which could affect the vibrational P(S)i(t'T’T) :fo dt3j£) dt2fo dthiJkl(tl'tZ'tS)EBJ (t—ty x
dephasing process. Furthermore, sohsgelvent interactions for Ept+T—t,—L)E,t+T+r—t;—t,—t) (2)

the T;, mode lead to symmetry breaking of the triply degenerate

mode, that might cause unique dephasing mechanism which

does not exist for the nondegenerate system. We have performedierei, j, k, andl are the laboratory frame orientational indices.
transient-grating measurements to investigate the vibrationalIn the analysis, the states of the triply degeneraigriodes
population relaxation. We have also measured the polarizationare regarded as one state, which assumes the fluctuations of
dependence of the transient-grating signals to separate thghe three states are the same and coherence between two states
depolarization dynamics from the population relaxation. Three- among the three is neglected. However, in a real situation, an
pulse photon-echo measurements are carried out to determinénisotropic interaction between the solute and the solvent leads
the correlation function of the vibrational frequency fluctuations. to the symmetry breaking of the degeneracy of thgrifode as

For comparison of the vibrational dephasing dynamics, we have described in the section 5.2. The effect of the coherence between
also performed the three-pulse photon-echo measurements otthe two different modes is not negligible in the total nonlinear

whereP is the third-order nonlinear polarization. Third-order
polarization is expressed by the convolution of the response
function, R(ty,to,t3), with the electric fields of the laser puldés

the anti-symmetric stretching mode of SChh D,O. response in the case the intermode coupling is large enough.
. ) An example is the coupling between two strongly coupled CO
2. Experimental Section stretching modes for Rh(C&iCsH-0z).25-27 In this system, the

The apparatus for the three-pulse IR photon-echo measure-intermode coupling is so strong that the energy splitting of the
ment has been described previouSIRriefly, a tunable femto- symmetric and asymmetric stretching modes is larger than the
second IR pulse was generated by difference frequency mixingline width of the absorption spectrum and two peaks of the
between the signal and idler of the optical parametric amplifier symmetric and asymmetric stretching modes are clearly sepa-
in a AgGas$ crystal. A mid-IR pulse has a 14®00-fs pulse rated. In our system, the amount of the energy splitting due to
width and a 126-130 cnt! bandwidth with a repetition rate of  this anisotropic interaction is much smaller than the line width
1 kHz23 The IR beam was split into three and was focused at of the absorption spectrum of the,Imode. Therefore the line
the sample in a boxcar geometry. Two of them were delayed width of the absorption spectrum is mainly determined by
with the stepper motor translation stages. The photon-echo signaldynamic fluctuation of the solvent environment. Furthermore,
was detected with a liquid Ncooled InSb detector in the phase- as shown in the later section, the time evolution of the
matched direction-k1 + ko + ks, whereky, ko, andks are the superposition of the three states is considered to take place with
wavevectors of the first, second, and third pulses, respectively.a time constant of 2.6 ps based on the anisotropy decay. This
The time sequence is defined asnd T wherert is the time rate is not so fast compared to decay of the photon-echo signals.
interval between thke; andk, beams whileT is the time interval These facts suggest that the anharmonic coupling among the
between thé, andks beams forr > 0 or betweerk; andks triply degenerate 7 modes, which may be due to anisotropic
beams forr < 0. The polarization of the laser pulses was coupling between the solute and solvent, may be small.
controlled with wire-grid polarizers. For the measurement of Consequently, we adopt a model for the analysis based on a
frequency-resolved photon-echo signals, the signals were dis-single vibrational oscillator coupled with the bath and phenom-
persed in a monochromator and then detected with a liquid N enological description of the anisotropy decay of the nonlinear
cooled InSb detector. The resolution of the monochromator is signals. However, full theoretical treatment based on the three
set to 3.5 cm. The echo spectrum was measured by scanning weakly coupled T, modes is necessary to interpret the
the monochromator at particular delay timeand T. experimental data, which will be addressed in a future study.
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kse.| 00 ksv.| 00 ke | 11 diagra_lms contribute to the signal When the_ delay tim'f_s _
10 K, 10 : 21 negative. These are so-called nonrephasmg_ diagrams which give
free induction decays. The response functidtis,R,, R4, and
11 k,” | 00 k, ke ] 11 Rs, involve only the coherence of the = 0—1 transition
k] 01 01 k,” | 01 propagating during the delay timesandt. The response
00 K, 00 K, 00 K, functions,Rs and R, involve the coherence of the = 0—1
R, R, R, transition propagating during and the coherence of the=
1-2 transition propagating during R; and Rs contribute to
ks K K the signal only wherT is close to zero.
w1 00 K s¥.{ 00 s 11 For the transient-grating measurements, we $etzero. The
10 ° ks 10 21 time dependence of the transient-grating signals at the parallel
11 00 kg~ 11 and perpendicular polarizations of the pump and probe pulses
10 K, ks 10 10 K, in the impulsive limit is given by, respectively
k7l 00 Kk~ 1 00 k,”] 00 A ,
R, R, R, oM = N1 +gexp-60T)] (@)
wloo|  kew| 11 1760 = LINMI]L -~ Sexp60m)] (®)
K, 10 21
20 20 ki whereN(T) is the population of the = 1 state at timd. As is
ky 10 ks 10 well known, the transient-grating signals at the magic-angle
ky 00 k, 00 condition contain only population dynamics, eliminating the
R R orientational contribution to the signal. The anisotropy of the
7 8 transient-grating signals can be calculated from the following
Figure 1. Double-side Feynman diagrams that contribute to the photon- equation
echo signals.
[ 12 0 112
In this model, we assume that the orientational motion is not M= (7 M) — (s (M) 9)

coupled to the vibrational dynamics. This means that the N (I 4@ (M¥2+ 24 EG (M)Y2
response function can be described by the product of an isotropic

vibrational response function and an orientational response oy the photon-echo measurements, we measure the nonlinear

function as follows? optical signals by scanning the delay timat a certainr.10-2°
. As shown in the previous studies, the three-pulse photon-echo
Rijkl(t3't2’t1) = Yi (t32, 1) Gta a1ty @) signals provide information on the temporal evolution of the

inhomogeneous distribution of the vibrational transition fre-
qguency. In the presence of the inhomogeneity, the integrated
intensity becomes larger far > 0 than that forr < 09 As

whereYiu (tat2,t1) is the orientational contribution to the response
function andG(ts,tz,t1) is the isotropic part of the vibrational
response function. The orientational response function dependsye|ay timeT increases, spectral diffusion destroys the static
on the polarization of the input electric fields. Assuming that j,,omogeneity in the distribution of the vibrational frequencies.
the mole_cule is regardec_i as a spherlcal rotor, the orientationalyhen there is no inhomogeneity in the system or the inhomo-
contribution of the polarization with the parallel and perpen-  yaneity is washed out completely due to the spectral diffusion,
dicular polarizations is given by, respectivély rephasing and nonrephasing diagrams contribute equally to the
YAttty = signals, and the photon-echo signal becomes symmetric with

1 4 coho signals s & sensilve probe of the degres of the inhomo

9 exp( 2Dt3)[1 * 5 exp( Gth)] exp(2Dt) (4) geneity in the distribution of the vibrational frequencls?

The distribution of the vibrational frequency fluctuations is

YovzAlatoty) = characterized by the correlation function of the vibrational
%exp(—ZDtQ’l _ % exp(—6Dt2)] exp(-2Dt,) (5) frequency fluctuations
) - ) ) _ M(t) = [Dwq,(t)dw,(0)0 (10)
whereD is the diffusion constant of the orientational motion
and the reorientational time is defined as wheredwoa(t) is the shift of the vibrational frequency at tirbe
1 from the average value. We calculate third-order nonlinear
T, = 0D (6) response functions from the line-broadening functigyi),
t t
A detailed description of the isotropic part of the response gt) = fo dt, fol dt; Dw(ty) 0w, (0)0 (11)

functions has been given in other pap¥&.2°Briefly, interac-

tion of the system with the electric fields is expressed by Here we assume that the anharmonicity fluctuation is small so
Feynman diagrams. The response function is a sum of contribu-thatdowi(t) is equal todwo:(t). In the following simulation, we
tions from each of Feynman paths as shown in Figure 1. Thetake into account an effect of the finite pulse width, the
first three diagrams contribute to the photon-echo signal when population relaxation, and rotational relaxation. Contribution of
the delay timer is positive. These are so-called rephasing each diagran®;—Rs depends on the time ordering of the three
diagrams which give photon-echo signals. The rest of the pulses and all of the diagrams are included in the calculation.
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As shown later, the population relaxation occurs in a 10
nonexponential fashion. We have to incorporate the nonexpo- 084 @)
nential population kinetics in the response function. According 3 '
to Lim and Hochstrassé#,we use the following term in the § 0.6+
population decay from the = 1 state in place of a single- ?, 044
exponential decay function £ 02-
t N 0.0
Pyy(t) = exp[— [Jki(t') dt’] (12) : ; ; .
1900 1950 2000 2050 2100 2150
whereki(t) is the time-dependent population decay rate from Wavenumber (cm'1)
thev = 1 state. The population decay factors of thelcoher- 3
ence and +2 coherence during the timeandt are given by 0 60x10
= Parallel Polarization (b)
1 1 1 ! : =
Poi) = exf — 5 follt) (13) g 40
1 pt % 20
P = exf— 5 (ki) + ™} | (1) z )
= 0+
whereky(t) is the time-dependent population decay rate from 1900 19'50 20'00 20'50 21'00 2150
the v = 2 state. We assume that the population relaxation time Raman Shift (cm'1)
from thev = 2 state is a half of that from the= 1 state. This
assumption is based on the harmonic approximation for the B 0424
transition dipole moment, i.e2u10® = u»:% Transition rate is E "7 | Perpendicular Polarization (©)
given by the Fermi’s golden rule and is linear in the vibrational ;
quantum number for the harmonic oscillatér. 5 0.08
>
4. Results *@' 0.04
4.1. Linear IR and Raman Spectra.Figure 2 shows the E 0.00 ]
linear IR absorption and Raman spectra of Fe@Nin D,O. : T T T T
1900 1950 2000 2050 2100 2150

For the IR spectrum, a single band with a peak at 2036cm

. -1
was observed. Full width at half maximum of the absorption Raman Shift (cm )

spectrum is around 16 cth The shape of the absorption spec-
trum is slightly asymmetric with a tail at high-frequency side.
For the Raman spectrum, two bands appear at the parallel polari
zation. The peaks of the two bands are located at 2057 and

Figure 2. (a) Linear IR absorption spectrum of the CN stretching mode
of Fe(CN)*~ in D20. (b) Raman spectrum of the CN stretching mode
of Fe(CN)*~ in D,O at the parallel polarization condition. (c) Raman
spectrum of the CN stretching mode of Fe(g@N)in D,O at the
perpendicular polarization condition.

2094 cnl, respectively. For the perpendicular polarization, only
one mode was observed at 2057 ¢mit is known that there
are three different transitions near the 2000-¢megion for
Fe(CN).4=31.32 Fg(CN)}*~ is considered to belong to th@,
point group. An IR-active mode is thg mode, which is triply
degenerate, while Raman-active modes are ek Ay modes,
which are doubly degenerate and nondegenerate, respective-
ly.31:320n the basis of the results of the Raman spectrum with
different polarization conditions, a band at 2057 ¢is assigned

to the | mode and a band at 2094 chto the Ay mode.

4.2. Transient-Grating and Three-Pulse Photon-Echo
Signals of Fe(CN}*~. Figure 3 shows the transient-grating
signals of Fe(CNy*~ in DO at the parallel, perpendicular, and
magic-angle polarization conditions of the pump and probe
pulses. It should be noted that the amplitude of the transient-
grating signal is proportional to a square of the excited-state
population and ground-state hole. Therefore, single-exponential
dynamics appears as a single-exponential decay with a time
constant half of the lifetime, while biexponential dynamics
appears as a square of biexponential exponential function for
the population dynamics. For fitting of the transient-grating T T
signal, we calculated a square root of the transient-grating signal 20 30
first and then fitted it with a sum of the exponentils. Time (ps)

For the parallel polarization, the transient-grating signal Figure 3. (a) Transient-grating signals of Fe(GX) in D;O at the
decays in a bimodal fashion. On the other hand, for the parallel (solid line) and perpendicular (dashed line) polarization. (b)
perpendicular condition, a fast rising component was observed Transient-grating signal of Fe(CK) in DO at the magic-angle
on a picosecond time scale. After 10 ps, the transient-grating condition.
signals at the parallel and perpendicular polarizations closely the magic-angle condition, the slow-decaying component is
overlap to each other, which decays on a 20-ps time scale. Indominant in the signal. We fitted the signal at the magic-angle
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Figure 4. Anisotropy decay calculated from the experimental data of Delay Time 71 (fs)
tcr;eng%r;sr:znt-gratmg signals at the parallel and perpendicular polarization Figure 6. Frequency-resolved photon-echo signals plotted against the
' delay timer and the frequency for Fe(CM) in D,O measured af =
10000 g 0fs.
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Figure 5. (a) Three-pulse photon-echo signals plotted against the delay Figure 7. Frequency-resolved photon-echo spectra of Fe¢(ENn
timest andT for Fe(CN)}*~ in D,O. (b) The first moment of the photon- DO (a) atr = 0 fs, T = 0 fs and (b) atr = 300 fs,T = 300 fs.
echo signals from the experimental data (solid line with open circles).

. . . . wherel(z,T) is the experimental photon-echo signal at the delay
condition with a square of a double exponential. The decay time ;o< oL 4T The first moment decays on a 1.5-ps time scale
constants of the fast and the slow components are 0.7 and 23.Q,, {'is close to zero aF = 10 ps '

PS, quespe(_:tivlf_ly. Thg eﬂi]so_tr(_)tpyl of Fhettransietnt;gratting sigonzll 4.3. Frequency-Resolved Photon-Echo Signals of Fe(G).
IS 3 gwn n '%#re i - 1he |n|t|atar;|206ropy starts at near ©. Figure 6 shows the result of the frequency-resolved three-pulse
and decays with a ime constant ot 2.6 ps. photon-echo signals of Fe(C§) in D,O atT = 0 fs. The peak

Figure 5a displays the three-pulse photon-echo signals of : . 1
— . Iy of the signals is located at around 150 fs and 262630 cm .
Fe(CN}™ in D;O at the parallel polarization condition. At As shown in the previous studies, the frequency-resolved

= 01s, the peak of the photon-_echo signal is located at arou_nd measurements allow the separation of contributions from
1.50_200 fs. The. temporal profile of .the photon-echo signal is different Feynman pathways to the echo signals such as the
highly asymmetric with respect to This is due to the presence contributions from the 81 and 12 coherence ternd:34
of the inhomogeneous distribution of the vibrational frequency. Separation of the two peaks originating from theland +-2
The peak of the signal shifts toward zero'Bsncreases. T0 . herence terms is given by the anharmonicity. In our case,

chargcterlze the degree of asymmetry of the photon-echo .S'gnalstwo peaks are not clearly resolved because the magnitude of
the first moments of the echo signals are calculated against the,

. e . . . anharmonicity is comparable with the line width of the
ggl?éltcmgggs shown in Figure 5b. The first momentis defined absorption spectrum. Figure 7 shows the one-dimensional slice

of the photon-echo spectra at= 0 fs andT = 0 fs, andr =
w0 300 fs andT = 300 fs. Spectral feature of the echo signals at
f,«,ﬂ (zT) dr different delay timesg and T is similar to each other.
FM(T) = oo (15) 4.4. Three-Pulse Photon-Echo Signals of SCNin D,0.
f—ooI(T’T) de For comparison, we also measured the three-pulse photon-echo
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CN~, N3, and SCN in water were determined by the

10000 ; / \ : molecule itself. The reorientational times of small ions such as
\ (@)~ anisotropy measurements of IR purrobe experiment®.1”

8000

: / : A time constant of the anisotropy decay is around 1 ps for CN
6000 i . in water, while it is 7.1 and 4.7 ps forgN and SCN in D,0O,
{ / : respectivel\:>17 Though details of the reorientational dynamics

of Fe(CN)}*~ in D,O are not known, the time scale of 2.6 ps is
/ 6\\\ too short for the reorientational dynamics of this system.

: Another possibility for the anisotropy decay is due to
l - symmetry breaking of the complex. Fe(GX) has anOy
T symmetry, and the i, mode of the CN stretching is triply

-1000 0 1000 2000 degenerate. However, coupling with other intramolecular modes

Delay Time T (fs) and/or fluctuations of the surrounding solvents will break the
triple degeneracy, yielding three modes with small energy
splitting. The symmetry breaking causes the anisotropy decay

of the Ty, mode through two different mechanisms. One

Ty mechanism is population transfer and/or dephasing among the
three states of the ;J mode?1-3> The asymmetric stretching
modes of the three pairs of cyanide ligands are directed along
the three axes of the orthogonal coordinate systeiy,andz
& {,/0 Excitation with the polarized light creates a certain superposition

T T T state among the three different states. Fluctuations of the solvent
0 2000 4000 6000 8000 10000 environment and other intramolecular modes with a certain

. symmetry cause changes of both energy separation and anhar-
Delay Time T (fs) monic coupling interactions among the three leveélSuch
interactions with the T, modes induce the transition from one
state of the T, modes to the others or pure dephasing. Thus
the direction of the transition dipole changes as a function of

4000

Delay Time T (fs)

2000

-

0

First Moment (fs)

Figure 8. (a) Three-pulse photon-echo signals plotted against the delay
timest andT for SCN- in D2O. (b) First moment of the photon-echo
signals from the experimental data (solid line with open circles).

Deolarization - _y = Ay time because the composition of the population distribution
L 2094 cm”’ along the three different axes changes, causing the depolarization
°P - ee===2 E of the transient-grating signals. Therefore, the time evolution

9

T ' 2057 om® of the superposition states of the triply degenerateniode is
2036 cm Population Transfer : ~0.7 ps regarded as the reorientational relaxation of the initial excited
dipoles. Depolarization dynamics was observed in the vibrational
transition of the T, mode of the asymmetric CO stretching mode
of W(CO)s in several liquidg! They found that the temperature
dependence on the orientational relaxation times is small even

1u

Vibrational Population
Relaxation : 23 ps

IR active Raman active . . . .
Figure 9. Summary of the vibration population relaxation process of though the viscosity Chahges qrders of magnitude in the range
Fe(CN)* in D;O. of the temperature they investigated.
The other mechanism is inhomogeneous energy splitting
signals for the antisymmetric stretching mode of SGIND,0. effects on the anisotropy dec&y%’ Because of the weak

On the basis of the normal-mode analysis of the ab initio distortion from the symmetry, energy separation between the
Cak:u]ationl it is shown that a vibration of the antisymmetric three different levels is distributed within a certain range.
stretching is localized on the CN stretching mode in SCREO Destructive interference of the coherent oscillations with dif-
Figure 8a shows the three-pulse photon-echo signals of SCN ferent frequencies among the three levels leads to the rapid decay
in D;0 as a function of delay timesandT. At T = 0 fs, the of the anisotropy. In this case, no population transfer or pure

peak of the photon-echo signal is located at around-Z8D dephasing is included in the anisotropy decay. The fact that the
fs. The peak of the Signa|s shifts toward zeroTamcreases. anisotropy decay can be fitted with a Single eXponentiaI indicates
Figure 8b displays the first moment of the photon-echo signals that the either mechanism is dominant or both the mechanisms
plotted against the delay timie As similar to Fe(CNy*~ in occur on similar time scales. However, we cannot assign which
D,0, the first moment for SCNdecays on a 1.5-ps time scale mechanism is dominant for the present case.

and is close to zero = 10 ps. Temporal width of the photon- Even in the magic-angle condition, we observed the fast-
echo signal for SCN with respect to the delay tim@& is decaying component{0.70 ps) in the transient-grating signals.
narrower than that for Fe(ChJ~ This is due to a stronger  For W(CO) in CCl,;, Tokmakoff et al. observed a fast phonon-
system-bath interaction for SCNcompared to Fe(CN)~ as induced scattering¥1 ps) from the IR-active 1, mode at 1980

we will discuss in the next section. cm! to the Raman-activefnode at 2012 crt but not to the

Aigmode at 2116 cm using picosecond IR pump/anti-Stokes
Raman probe experiments.In our case, the fast-decaying
5.1. Population Dynamics.A summary of the vibrational component can be attributed to the population equilibration
population dynamics based on the transient-grating measure-between the T, mode and the Raman-activg &d Ay modes
ments is shown in Figure 9. A decaying component of the since the energy difference between IR-active mode and Raman-
transient-grating signal on a few picosecond time scale is active mode is small. Frequency differences between the T
sensitive to the polarization of the pump and probe pulses. Theand E modes, and between thejTand Ag modes for
anisotropy decay is often due to the physical rotation of the Fe(CN)}*~ in DO, are 21 and 58 cm, respectively. Therefore

5. Discussion
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we can consider that the population transfer to a higher energyTABLE 1: Parameters of the Correlation Function of the
level is feasible, which is assisted by the low-frequency motions Vibrational Frequencies, Vibrational Population Relaxation

of the solvent. By use of a femtosecond IR pulse, we could
obtain a time constant of this energy transfer to be 0.70 ps. A
faster population transfer to the upper states for Fe{ENn

D20 than for W(CQOyg in CCl; may result from a couple of

reasons. The first one is that the energy difference between the':e(C’:ll)S“""1

IR- and Raman-active modes for Fe(GN)is smaller than that
for W(CO). It may be also due to the different strengths of the

anharmonic coupling between the IR- and Raman-active modesscN-/methandl

and/or the different densities of states for the low-frequency
solvent modes.

From the decay of the transient-grating signal at the magic-
angle condition, the vibrational relaxation of the= 1 state
from the Ty, mode occurs on 23.0 ps. The population of the
initial excited vibrational mode will be equilibrated with the
other CN stretching modes of different symmetries as pointed
out in the previous section. It can also relax by transferring
energy to a combination of the lower-frequency internal
vibrations of the solute molecules and solvent phonon vibrational
modes. Given the vibrational frequency of the solute and
solvents, at least two other vibrations and a phonon of the
solvent have to be excited in the course of the vibrational
relaxation of the T, mode. According to the results of the ab
initio calculation of Fe(CNy*~, we can classify the three types
of the lower-frequency modes of Fe(GN)3° There are six
Fe—C stretching modes, nine angle-deformation modes for
angled C-Fe—C bending, and twelve linear-angle-deformation
modes for the linear FeCN bending. The frequencies of these
modes are below~600 cnt! based on the results of the ab
initio calculation. The frequency of the bending mode ofoD
is around 1210 cm. Therefore the initial excitation of the, T
mode may transfer the energy to the stretching and bending
motion of Fe(CN§*~, the bending motion of D, and a solvent
phonon that makes up for the energy mismatch. It should be
noted that the population relaxation of the Raman-active modes
also affects the vibrational relaxation of thg,Tnode in an
indirect way, since the Raman-active CN stretching modes are
in equilibrium with the T, mode. We are currently investigating
isotope effect of solvents on the vibrational population relaxation
to study the role of the solvent modes in the vibrational
dynamics*?

5.2. Spectral Diffusion Processi-rom the measurements of

Times, Rotational Diffusion Constants, and Anharmonicities
for Fe(CN)e*~, SCN-, and N3~ in D,O as Well as OCN" and
SCN- in Methanol

solutes A1 (ps ) t1(ps) Az(psY 12(ps) Ao(ps?)
2.8 0.08 1.15 1.5 0.0
4.3 0.08 2.7 1.3 0.0
3P 2.6 0.08 1.4 1.3 0.3
OCN /methandl 13 0.12 1.6 4.5 0.55
2.6 0.09 3.6 4.1 0.1
rotational diffusion anharmonicity
solutes T1 (ps) constant (pst) (cm™hf
Fe(CN}2  0.70 (17%) 0.06% 15
23.0 (83%)
SCNd 18.3 0.035 23

aThis study.® Taken from ref 10¢ Taken from ref 20¢ Taken from
ref 17. ¢ Rotational diffusion constant for Fe(C¥) is calculated from
D = 1/6raniso Wheretaniso is the time constant of the anisotropy decay
of the transient-grating signalsvalue of the anharmonicity is estimated
from the simulation of the frequency-resolved photon-echo signals.
Because of the reabsorption of the echo signals by the sample itself,
anharmonicity has a relatively large error compared to the other
parameters. However, the result of the simulation is not so sensitive to
the value of the anharmonicity. For SCNhe value of the anharmo-
nicity is taken from the ref 17.

coherence were obtained from the double exponential decay of
the population dynamics at the magic-angle condition whose
parameters are given in Table 1. Comparison of calculated
signals with the experimental results for Fe(gN)in D,O is
displayed in Figure 10. The parameters used in the simulation
are shown in Table IM(T) decays with time constants of 80 fs
and 1.5 ps. We also calculated a linear absorption spectrum
along with the experimental absorption spectrum (Figure 10d).
The absorption spectrum is calculated from the following
equatiod®29

() = 2 Re [ exp[~i(» — wq,)t] exp[-g(t) — 2Dt] x
Py, (t)dt (17)

where Poy(t) is the population relaxation factor in the—-Q
coherencePy;(t) was calculated from eq 13.
Good agreement between the experimental results and the

the three-pulse photon-echo signals as a function of delay timessimulation is obtained, however, we have a certain difference
7 andT, we can obtain information on the correlation function between the experimental and simulated results. The calculated
of the vibrational frequency fluctuation. To determine the absorption spectrum slightly overestimates the width of the
magnitudes and time scales of the fluctuations, we simulated experimental absorption spectrum. There are a couple of sources
the photon-echo signals. The correlation function of the which give rise to the disagreement between the experiments
vibrational frequency fluctuation is assumed to be a sum of and simulation. One of the reasons is that a small fifth-order
exponentials plus a constant polarization contributes to the photon-echo sigrial$his is
evident from the small shoulder near the 2000-émegion as
shown in Figure 6. The fifth-order contribution gives a shoulder
in the spectrum at the lower-frequency side, which is due to
the v = 2—3 coherence, and gives a small oscillatory feature
due to the interference between the third-order and fifth-order
We assume that the depolarization dynamics with a 2.6-ps timeoptical polarizatior?® Small deviation of the calculated photon-
constant is regarded as orientational relaxation of a sphericalecho signals from the experimental results may be due to the
rotor. We calculated the temporal profile of the photon-echo fifth-order contribution. For the fast-decaying components in
signal at each delay timeaccording to eq 1, taking into account  M(T), a product ofA;7; is ~0.22 < 1. This indicates that the
the pulse width and the time ordering of the laser pulses, andfast process is close to the motional narrowing limit that would
then the first moment of the photon-echo signal was calculated be described by a pure dephasing time;2¢;)~1 = 1.6 ps.

based on eq 15. The pulse shape was assumed to be a GaussianWe also simulated the results of the three-pulse photon-echo
function, which was incorporated in the calculation of the signals for SCN in D,O along with the linear absorption
integral of eq 2. The population decay from thes 1 state and spectrum. Comparison of calculated signals with the experi-
the population decay factors of the-Q coherence and-12 mental results for SCNin D,0 is displayed in Figure 1M(T)

2
M) =Y A exp(tir) + A

(16)
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Wavenumber (cm ") on the hydrogen bond dynamics in a quantitative level, the
Figure 10. Three-pulse photon-echo signals of Fe(@N)n D,O at experimental results show that the dynamics of the correlation

three different delay time$: (a) 500 fs; (b) 2 ps; and (c) 4 ps. The  function are mostly affected by the solvent nature. A longer-

filled circles represent the experimental data and the solid one representgange interaction such as the electrostatic interaction between

the simulated data. (d) Experimental linear absorption spectrum of ¢\ te and solvent mav be important for the vibrational
Fe(CN)}* in D2O. The dashed line is calculated from the simulation frequency fluctuation in t>tl1e prese?]t case

using the parameters shown in Table 1. . . .
So far, it has been argued whether the electrostatic interaction
decays with time constants of 80 fs and 1.3 ps, which is similar between the solute and solvent plays an important role in the
to that for Fe(CNY*~ in DO, even though the amplitudes of vibrational dynamics in polar liquids such as vibrational
the correlation function are different. population relaxation and frequency fluctuations by molecular
Table 1 summarizes one of the major conclusions of this dynamics simulation§44Especially, Morita and Kato empha-
work. The table also includes results on the triatomic ions in sized importance of charge fluctuation induced by fluctuation
methanol. It can be seen that the time scales of the correlationof the external potential by the solvent in the vibrational
function do not depend on the solute and are determined by therelaxation of N~ in water#> Such a Coulombic force has a
solvent, while the amplitudes of the components depend on thenature of long range, and the similar electrostatic interaction
solute and solvent. In our previous work, we concluded that may play a role in the vibrational frequency fluctuation for the
the time scale of the spectral diffusion of the triatomic ions in present case. Furthermore, a fast-decaying component of the
methanol is controlled by making and breaking of the hydrogen correlation function has a similar time scale to that observed
bond between the ion and solvent. Results of molecular for the electronic transitions due to inertial motion of the solvent
dynamics simulations on CNand Ny~ in water and methanol ~ molecules. Our results suggested that the polarization fluctua-
indicated that the time scale of the hydrogen-bond dynamics in tions play an important role in the fast-decaying component of
methanol is about three times longer than that in water. This the correlation function of the vibrational frequency fluctuation
was consistent with our experimental observatiSridHowever, similarly to the polar solvation dynamics studied in the electronic
the molecular dynamics simulation also showed that the transition. It will be interesting to study how the solvation
hydrogen-bonding dynamics is very sensitive to the charge dynamics is correlated between the electronic transition and the
distribution of the ion. Since the hydrogen-bond dynamics is vibrational transition.
short-range electrostatic interaction between the ion and solvent, The time scale of the correlation function for the vibrational
it is readily understandable that a small change in the charge offrequency fluctuation for Fe(Cl}~ in D20 is similar to that
the solute affects the time scale of making and breaking of the for N3~ and SCN in D;O. This corresponds to similar time
hydrogen bond. Although we do not have information on the scales of the decaying componentdM(T) for degenerate and
charge distributions of the ions and an effect of their differences nondegenerate systems. Fayer and co-workers showed that the
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