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Vibrational Population Relaxation of the —N=C=N— Antisymmetric Stretching Mode of
Carbodiimide Studied by the Infrared Transient Grating Method
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Vibrational dynamics of the carbodiimide-N=C=N-) antisymmetric stretching mode of dicyclohexyl-
carbodiimide (DCCD) in carbon tetrachloride ahbN-dimethylformamide have been investigated by the
transient grating method. The magic angle transient grating experiment reveals that the population relaxation
of the v = 1 state occurs nonexponentially and is reproduced well by a biexponential function with time
constants of 200300 fs and 1.4 1.5 ps with almost equal amplitudes. A time scale of the orientation relaxation

is longer than a few picoseconds. Frequency-resolved transient grating measurement has shown that this
nonexponential behavior is interpreted by a model of rapid population distribution to other modes and
irreversible relaxation from these modes.

I. Introduction SCHEME 1
Itis important to investigate microscopic aspects of solutions, N=C=N- ¢ —-N=C"—N-= ¢ —N=C-N'—
such as solutesolvent interactions, dynamical fluctuations, and
local structures of solvent, because they play crucial roles in |t is also necessary to obtain detailed information on
chemical and biological reactions in liquids. Vibrational popu- vibrational population relaxation to understand the vibrational
lational relaxation is related to dissipation of an excess energy dephasing process, particularly by means of nonlinear-infrared
in condensed phases and has been extensively investigated byspectroscopy such as a photon echo me#fod. That is
for example, infrared (IR) pumpprobe techniqué:® Vibra- especially important when the time scale of the population
tional population relaxation is also an important quantity to test relaxation is similar to that of the dephasing. Furthermore, some
a theoretical model on the interaction between a solute andyiprational modes exhibit nonexponential population relaxation
solvent. A theoretical framework of vibrational relaxation has on a similar time scale to that of the vibrational dephasing that
been established and reviewed in many pldéeSome experi-  makes analysis complicated. The population relaxation on the
mental results on simple systems such as diatomic molecules, = 2 state should also be taken into account to interpret the
and ions have been discussed in terms of analytical theories,signa| observed in nonlinear-IR Spectroscopy. In some cases,
such as hydrodynamics models, and computer simulation.  the lifetime of they = 2 state is reasonably described by the
For a polyatomic molecule, there are two processes which harmonic approximation, which is half of the lifetime of the
contribute to vibrational population relaxation, energy distribu- — 1 state. However, it is experimentally confirmed that this is
tion between the initially excited mode and other modes coupled ot always the case, especially for polyatomic molectég.

?r?bha;irn;]omggllyntor . SPtr?mg Ienc;J Isvr \r/ébtrr? tlon?rl e?]z:gy reﬁ/'s;“ In this study we have applied the IR transient grating method
ution) and energy dissipation towal € surrou 9 SOVeNt 4 the carbodiimide {tN=C=N-) antisymmetric stretching

vrcgrlﬁgg?rz (\élrtt)éztllj)l?rglfggtovlr;?\)éf ?)(;g:tli);l l\-/ii(t))ﬁgtsigr?:lse(; aur;gt%; mode of dicyclohexylcarbodiimide (DCCD). We employed the
relaxation IEZ)I’ some pol at’omic mglecuR;élThe fast-depcapin transient grating method instead of the conventional pump
component has atirlro1e )(/:onstant of asub icosecond andythg sIOV\F/JrObe method to study vibrational dynamics of the mode. One
P . . P ’ Tadvantage of using the transient grating method is that we can
one has a few picoseconds time scale. The fast component of_ . . L
ot N switch to the photon echo experiment to study vibrational
the relaxation is much faster than most of the vibrational . : . . h
. . Lo dephasing without any major change in the experimental
relaxation times reported previously, where vibrational energy . ; - . . .
L . configuration. The-N=C=N-— antisymmetric stretching mode
is directly transferred to intermolecular degrees of freedom of ; : o
consists of motions of the three atoms connected with its

the surroundings. For such a fast process, intramolecular . . . .

. . . X . adjacent atom by a cumulative double bdfdt is extensively

interaction such as anharmonic coupling must play an important ; : .
known that conversion among three structures with different

role. Furthermore, intermolecular interactions may strongly L : .
) . ) - charge distributions and covalent bonds is considered to take
affect the intramolecular process, like solvent-assisted intramo-
place (Scheme 1).

lecular vibrational relaxation, in which vibrational energy flows s ) )
among solute intramolecular modes by conserving the total _Carbodiimides are important compounds as versatile reagents
energy with solvent low-frequency vibrational, rotational, and N organic and biochemical synthesfs'®Most of the reactions

translational energy. of carbodiimides involve nucleophilic attack to the carbon atom,
. . : . and the nucleophilic addition of water to DCCD is widely used
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§ Molecular Photoscience Research Center. and experimentally9-22 however, dynamical aspects of the

10.1021/jp047870d CCC: $27.50 © 2004 American Chemical Society
Published on Web 10/07/2004



Carbodiimide Antisymmetric Stretching Mode J. Phys. Chem. A, Vol. 108, No. 44, 2002485

In the above equationggo anduz; are the transition moments
K K, between ther = 0 and 1 states, and the= 1 and 2 states,
= 00| ~._ 111 respectively, and under a harmonic approximation for the
110 ks |21 transition moment, the relation @, = +/2u1 is valid. The
ke - (1) 1 ;: 8 1 observed time-integrated sigrigr, T) is represented as follows,
-kq
00 e oo™ S = [° POt T ok @
Ke ke ke Effects of the orientational and population relaxation are
= |00] T ]00] K, T 11 included in terms of phenomenological decay components, and
K 410 10— k}, 21 the response functions are modified by additional decay
e 00 11 K 1 (1) " functions for the orientational and population relaxafi®H.For
k},% k/z,% ke -5 example, when the population relaxation can be described by a
single-exponential function, its effects on the vibrational dephas-
Ry ing are taken into account through a factor of ex@2T;®)
ke ke for the vibrational dephasing between the= 0 and 1 states,
~._]oo| = ]11] whereT,( is a lifetime of they = 1 state. Additionally, for a
K10/ 21 " harmonic oscillator linearly coupled with a heat bath, the
ks 0 ks 120 population relaxation time is inversely proportional to the
=110 ~110 vibrational quantum number. Therefore, a lifetime of the 2
{ 00 { 00 stateT;@ is half of T;®, and the contribution of the population

Figure 1. Feynman diagrams of the eight pathways contributing to relaxation to dephasing between the= 1 and 2 states is

1) — 2
the third-order nonlinear polarization with a phase-matched direction express_ed by a facto_r of exp_(/ZTl( ) t/_2T1( ). W_hen the_
of —k; + ky + Ka. population relaxation is described by a biexponential function,

its contribution to the response function is considered phenom-
carbodiimides were not investigated though such information enologically by the time-dependent rate constarithe time-

is important to understand the reactivity of the molecules. The dependent rate constant of the population relaxation of the
conversion among the three structures will induce frequency 1 stateky(t) is expressed as,

fluctuations of the-N=C=N— mode, and, therefore, investiga-

tion on the vibrational dynamics of this mode is a good target _dP(t)/dt

for nonlinear-IR spectroscopy. This paper is composed as ky(®) = — P(t) (®)

follows. After a brief explanation of the theory on nonlinear-

IR spectroscopy in section Il, details of the experimental setup whereP(t) is the quantity proportional to the population and

are described in section lll, and experimental results and determined from the transient grating experiment. The rate of

discussion of the IR transient grating are given in section 1V. the v = 2 stateky(t) is assumed to be twice as largelaf),

from an analogue of the harmonic approximation for a single-

Il. Theory exponential relaxation. Within this treatment of the nonexpo-
The detailed theoretical formalism of nonlinear-IR spectros- nential _population relaxation, its contribution to vibrational

copy is described in the literatu?aThe third-order nonlinear ~ dePhasing between the= 1 and 0 states antd the=2 and 1

polarization P®(t;z,T) is expressed as a sum of nonlinear States is described by a factor of expl /o ki(t)) dt') and

response functions convoluted with the electric fieisf the exp{ —Ya(fo ka(t) dt' + [o ke(t') dt')}, respectively.

three IR pulses

[ll. Experimental Section

@)t _ L ¥ o ° * The laser system used for nonlinear-IR experiments was
Ptn) (h) j(‘) dtgj‘; dtzf" dtlZR’(tl'tZ’tS) * described pre\xousl's’/{ Briefly, short IR pulses aEe generated
Et—t)Et+T—t,—t)EC+T+r—t,—t,—t) (1) by difference frequency mixing the signal and idler pulses from
an optical parametric amplifier pumped by an output of the
For the nonlinear polarization with a wavevector-e£; + k. Ti:Sapphire regenerative amplifier. A AgGaSystal (thickness
+ ks, there are eight Feynman diagrams to be considered (Figure©f 1.75 mm) was used for the difference frequency mixing, and
1). The response function corresponding to each diagram isthe near-IR pulses with wavelengths of about 1370 and 1920
expressed in terms of the time correlation function of fluctua- "M were incident on it noncollinearly. The IR pulse has a
tions of the transition frequency between the: 0 and 1 states, ~ Gaussian-shaped spectrum with a full width at half-maximum
DBwilt) dwi(0)] provided that the anharmonicity of the (fwhm) of about 120 cm* at a central frequency of 2120 crh

vibrational mode has no fluctuations, thatiszi(t) = dwio(t). (Figure 2a). The IR pulse with a pulse energy of about}4

For example, the response functions for the diagr&nand pulse was generated into a different direction from the residual

R, are written as follow#3 near-IR pulses and picked up without any additional optics such
as a prism pair or a long wavelength pass filter. For compressing

Ry(tytots) = Rytytoty) = |ﬂ10|4eiwm(trts) exp[—g(t,) + the IR pulses, a semiconductor window such a silicon or

germanium was inserted into an optical p#tR® Silicon and
germanium have group velocity dispersion coefficients with an
opposite sign to that of optical materials such asafhe IR
region. In our system, a silicon window with a thickness of 2
ot 75 mm and antireflection coating on both sides was set at the output
9(t) = fodTZﬁJ dr1[dw1(71)0w1o(0) ®3) of the difference frequency generator. A pulse width of the

9(t) — 9ty —alti T 1) — 9t Tty + 9t + L+ )] (2)

where a line shape functiog(t) is given by
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Figure 2. (a) A spectrum of the infrared pulse (circle). The solid line
is a result of the fitting with a Gaussian function. A spectral width is
estimated to be about 120 cfn (b) The autocorrelation function of
the infrared pulse (circle). The solid line is a result of the fitting with

a Gaussian function. A pulse width is estimated to be about 150 fs.

Figure 3. (a) An infrared absorption spectrum of dicyclohexylcarbo-
diimide (DCCD) in CC} solution. The absorbance is normalized by
the peak intensity of the- N=C=N-— antisymmetric stretching mode
(2120 cn1Y). There is an absorption band due to the solvent at around
750 cntl. The IR intensities obtained by the DFT calculation are

Compressed IR pu|se was estimated to be about 150 fs fromrepresented by stick diagrams. (b) IR absorption band for the

noncollinear autocorrelation measurement with use of a AgGaS ;’\éjtﬁjsz; :‘ir:;ijérpe’;‘egiCasgjrt_shci)?gmngofgrétrnizcizns?&igcggﬁ)s' -E;ech
crystal (thickness of 0.5 mm) (Figure 2b). P y :

. : . component is shown by a dashed line, and the sum of them is indicated
The IR pulse was collimated by using two curved mirrors  py 4 thin solid line. Optimized parameters are summarized in Table 1.
with a radius of curvature of 600 and 400 mm and split into
_three parts by two Cafbeam splitters. Each pulse was delivered Samples (DCCD (Aldrich), CGland DMF (Wako)) were
into a retro-reflector mounted on a computer-controlled me- ysed without further purification. The sample solution was
chanical stage. In the experiment,and T denote the time  retained in a sample cell with a spacer (an optical path length
interval between pulse 1 (denoted by its \{vavevektgranql of 200um) between CaFwindows (a thickness of 3 mm), and
pulse 2 ko), pulse 2 and pulse X§), respectively. The origin the concentration of the sample solution was adjusted to 35 mM
of the delay time was determined within an error of a few tens g that the maximum optical density at the excitation wavelength
of femtoseconds by an autocorrelation method. The three pulsesyas about 1.0. An IR absorption spectrum of the DCCD solution
were aligned in a boxcar geometry and focused into a sampleyas measured by a FT-IR spectrometer (PERKIN ELMER,
cell with an off-axis parabolic mirror (an effective focal length Spectrum1000). A polarized and depolarized Raman spectrum
of 101.6 mm). A signal generated into a phase-matching yas measured with the 514.5-nm line from a C\W Aan laser

direction of.—kl + k2 + k3 was gollimated with another (Spectra Physics, BeamLok). All measurements were performed
parabolic mirror and separated spatially from the residual pump 4t ambient temperature (22 1 °C)

pulses. The signal was detected by a liquid nitrogen cooled

indium_antimonide (InSh) det(_actor an'd_ processed by a boxcar )y, Results and Discussion

gated integrator and a lock-in amplifier. Tha pulse was

synchronously chopped at half the repetition rate of the Vibrational Spectra and ab Initio Calculation. A FT-IR

regenerative amplifier. spectrum of DCCD is shown in Figure 3. The band of the
For the transient grating measurements,khandk; pulses —N=C=N-— antisymmetric stretching mode has a maximum

were incident into the sample simultaneousty={ 0 fs), and optical density at 2120 cnt in CCly and 2118 cmt in DMF

the diffracted signal of the delayéd pulse to the phase matched with a molar absorption coefficieré of about 1430 M1

direction of —k; + k, + k3 was detected as a function of the cm~12627 A weak band is also observed at the lower frequency

delay timeT. To separate populational dynamics from orien- side of the—N=C=N-— band. The FT-IR spectrum observed

tational relaxation, a polarization direction of the probe pulse for the CC} solution is fitted by a sum of two Lorentzian

was set at a magic angle to that of the pump pulses by using afunctions (dashed lines in Figure 3b), and the weak band has a

wire-grid polarizer with an extinction coefficient of 1:200, and peak at 2068 cm' and a bandwidth of about 42 cth The

an analyzer set to the same angle was placed in front of theresults of the FT-IR spectrum measurements are summarized

InSb detector. The signal was dispersed in a monochromatorin Table 1. In the Raman spectra from 1000 to 1500 %rthere

to measure a spectrum of the transient grating signal. A slit are several polarized bands at around 1010, 1146, 1407, and

width of the monochromator was set to 2bf to achieve a 1463 cntl. The other bands have almost the same peak

frequency resolution of 1.8 cmh. The dispersed signal was frequency (within 2 cm?) and a bandwidth in the parallel and

detected with a liquid nitrogen cooled InSb detector. perpendicular component of the Raman spectrum.



Carbodiimide Antisymmetric Stretching Mode

TABLE 1: Parameters for the FT-IR Spectrum of
Dicyclohexylcarbodiimide

solvent CCl DMF
(@) —N=C=N-— mode
peak frequency/crt 2120 2118
line width (fwhm)/cnT? 15.2 13.8
(b) weak band at lower frequency side
peak frequency/crt 2064 2063
line width (fwhm)/cnT? 41.4 42.0
intensity ratio (weak band/N=C=N— 0.111 0.104
mode)
TABLE 2: Summary of FT-IR and Raman Spectra
Measurements and the DFT Calculation for
Dicyclohexylcarbodiimide (in cm™1)
IR Raman
exptl calcd exptl calcd assignment
1010 (p} 1008 (p) CH wagging+ CH bending
1025 1002 CHwagging
1028 1027 CHwagging+ CH bending
1046 1024 CHwagging+ CH bending
1053 1055 CHtwisting + CH bending
1075 1075 C-N stretching
1091
1125 1122
1145 1135 CHrocking
1147 (p) 1133 (p) Chrocking
1151
1177 C-C skeletaP
1188
1190 1170 CHwagging+ CH; twisting
1240 1233 1244 1233 GHwisting + CH bending
1261 1248 1262 1248 CHwisting + CH bending
1269
1289 1297 1305 1297 Chivagging+ CH bending
1297 1301 CHwagging+ CH; twisting
1317
1347 1347 1346 1347 Ghivagging+ CH bending
1359 1359 1361 1359 Chivagging+ CH bending
1407 (p) 1408 (p) —N=C=N-— symmetric stretching
1451 1456 1446 1453 Ctscissoring
1464 1463 1462 (p) 1463 (p) GHcissoring

2150 —N=C=N-— antisymmetric

stretching

a(p) denotes a polarized barfdAssignment in ref 26.

The molecular structure and the IR and Raman spectra of
DCCD are calculated with the density functional theory (DFT)
method at the level of B3LYP/6-31G(d) with the GAUSSIAN
03W packag@® From the X-ray structure analysis, it was
reported that the NC—N angle of carbodiimide compounds
is slightly deviated from 1806 The optimized structure of
DCCD in our calculation shows the angle of 171 ibrational
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Figure 4. Transient grating signals of theN=C=N— antisymmetric
stretching mode of dicyclohexylcarbodiimide in G@Nhite circle) and
N,N-dimethylformamide (black circle). Solid lines represent biexpo-
nential fits to the experimental data. The autocorrelation is shown by
a dashed line.
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Figure 5. (a) Laser power dependence of the transient grating signal
of the —N=C=N- antisymmetric stretching mode of dicyclohexyl-
carbodiimide in CCJ. The laser power is reduced to 55% of the original
value. (b) Polarization dependence of the transient grating signal. The
signals measured with the probe pulse polarized to the parallel and to
the magic angle direction with respect to the pump pulses are

T
6000

frequencies scaled by an empirical factor of 0.9613 are tabulatedrepresented by solid and dashed lines, respectively.

in Table 2, along with the experimental results, and calculated
IR intensities are represented by a stick diagram in Figure 3a.
Almost all the vibrational bands are reproduced by the calcula-
tion, except for several IR-active bands around 1100%imhe
vibrational spectra are congested due to the B&hding modes

in the frequency region from 1000 to 1500 chnand, therefore,

power dependence of the observed signal. The total intensity
of the IR pulse is reduced to 55% of the original one by aCaF
beam splitter. The observed signal has an intensity ratio of 0.170
compared to that measured without decreasing the intensity,
which is within experimental error from the expected value of

the complete assignment of the vibrational bands is not a simple0.166 (Figure 5a). We have also confirmed that no signals from

task. However, the band at 1407 chran be assigned to the
—N=C=N-— symmetric stretching mode from the results of the

Cak, windows or solvent molecules are detected under the
present condition.

calculation and the Raman spectrum measurement, which may The transient grating signal, which was observed at the

play an important role in a vibrational relaxation process of the
—N=C=N- antisymmetric stretching discussed later.
Transient Grating Signal. Figure 4 shows a transient grating
signal at the magic angle condition. To examine a contribution
from a higher order nonlinear polarization, we investigated a

parallel polarization condition, shows a similar decay to that at
the magic angle condition (Figure 5b), and it is conceivable
that a reorientational relaxation of DCCD in G@ccurs on a
time scale longer than a few picoseconds. In measurements with
other techniques such as optical Kerr effect spectroscopy and



9488 J. Phys. Chem. A, Vol. 108, No. 44, 2004 Maekawa et al.

A | (1.42)
-2000 0 2000 4000 ; (.59

Delay Time T/ fs J—M

Figure 6. Transient grating signal of theN=C=N— antisymmetric | spectrum

stretching mode of dicyclohexylcarbodiimide in GQGtircles), and ! | j
simulated results with only a slow component for the vibrational 2040 Zoli(r)e ui:‘? /0;1160 2200
relaxation (dotted line) and with both a fast and slow components q y

(dashed line).

~ 10° 4 a |

£ ] IR i 17.5 mM

S £ 1 038)

< b 1

2 10" 4 £ 3 34.9 mM

G o ; (0.78)
bi '

3 & |

€ : 52.4 mM

§ 107 - 3 (.11)

k=)

»

O

'—

Spectral Intensity (Norm.)

Figure 7. Transient grating spectra of theN=C=N-— antisymmetric

stretching mode of dicyclohexylcarbodiimide MN-dimethylform-

fluorescence depolarization measurement, the reorientationa®Tide and its concentration dependence. The delayTira@ fs. The
FT-IR spectrum is also shown. The maximum optical densities are

relaxation of molecules with a similar size and mass in @ gpown in parentheses. The dashed line shows the peak of the FT-IR
nonviscous solvent occurs on a time scale of longer than 10 spectrum (2118 cr).
ps?® These results are consistent with our observation.
It should be noted that a state giving a band at 2068'cm  We choosel;® of 1.4 ps to reproduce the long time behavior
makes a negligibly small contribution to the observed signals. (T > 1.0 ps) of the signal. As for the line shape functigt),
In the homodyne detected transient grating, the signal intensity an exponential formA2 exp(—t/z)) is used with a time constant
is proportional to the forth power of the integrated absorption 7 of 0.3 ps and a preexponential factarof 2.5 ps®. The
coefficient. From the fitting with a sum of two Lorentzian parameters aff(t) were chosen to reproduce the transient grating
functions, the integrated absorption coefficient for the observed signal in the negative delay time whose time dependence is
two bands is in an approximate ratio of 1:0.10 (Table 1). A mainly determined by the vibrational dephasing. Since the
predicted ratio of the signal intensity is 1:¥Qand, therefore,  vibrational frequency fluctuation is in the rapid modulation limit
the excitation of the band at 2068 chmakes a negligibly small (A7 < 1), a dephasing time (APr) is an important quantity to
contribution to the third-order nonlinear polarization. The reproduce the signal. On the other hand, the dashed line is the
contribution of coherence between the two modes is also calculated result with a fast component (200 fs, 54%) and a
expected to be small (order 6¥107?). Therefore, it is not  slow component (1.4 ps, 46%). From Figure 6 one can confirm
necessary to consider quantum pathways which include thethat it is impossible to reproduce the signal trace without the
interaction between the state giving the weak band and thefast decaying component. Therefore, we conclude that the fast
electric field of the IR pulse. decaying component represents the real vibrational dynamics.
The transient grating signals for the G@&hd DMF solutions Frequency-Resolved Transient Grating SignalThe tran-
show a nonexponential behavior: a rapid decay with a sub- sient grating method can differentiate dynamics of the 0
picosecond time scale followed by a slow decay with a state from that of thes = 1 state by frequency-resolving the
picoseconds time scale. The signal can be fitted reasonably wellsignal. Figure 1 shows the eight Feynman diagrams related to
with the square of the sum of two exponential functions. The the signal detected in thek; + k, + ks direction. If the spectral
time constants of the fast and slow decaying components inwidth of the pulse is broader than anharmonicity, then the
CCly are 200 (54%) an 1400 fs (46%), respectively, and 300 induced third-order nonlinear polarization has two frequency
(54%) and 1500 fs (46%), respectively, in DMF. An important components»;oandw,; during the detection time wherewo
question is whether the rapid decay reflects real vibrational and w,; is the transition frequency between the= 0 and 1
dynamics or is due to a coherent artifact. When the pump and states and that between the= 1 and 2 states, respectively. In
probe pulses are well separated in time, there are three quantunthe spectrum of the transient grating signal, two spectral
pathways contributing to the signal {RR,, and R in Figure components with frequencies afo andw,1 can be separated
1). However, there are eight time-orderings of the three due to the anharmonicity. The decay of the spectral intensity at
radiation—matter interactions that can contribute to the signal the lower frequency side indicates dynamics of the 1 state,
when the pump and probe pulses overlaps in time (Figure 1). because the induced polarization with a frequencyvef is
To investigate this point, we compare the temporal profile of generated by a quantum pathway whose diagonal state of a
the autocorrelation with the initial decay of the signal (Figure density matrix is only in ther = 1 state (diagrams d® and
4). It is apparent that the initial decay is much slower than the Rg).
autocorrelation, showing that this is not due to the effect of the  Figure 7 shows a spectrum of the transient grating signal for
coherent artifact. the DMF solution afl = 0 fs, and its concentration dependence.
We further simulated the signal to confirm that the rapid The concentrations are 17.5, 34.9, 53.4, 69.8, and 87.3 mM.
decay corresponds to the vibratioinal dynamics. The transient The spectrum for the concentrated solution shows two peaks,
grating signal was calculated according to eggl by convolut- and the peak at the higher frequency side (2130%18 shifted
ing all of the eight response functions represented in Figure 1 by about 10 cm! from the peak position of the FT-IR spectrum.
with the three electric fields of IR pulses with a duration of However, these two peaks appear not due to anharmonicity but
150 fs. Figure 6 compares the experimental data and theoreticaldue to reabsorption of the signal in the sample, as pointed out
calculation. The dotted line is the calculated transient grating by Asplund et af® At the lower concentrations the spectrum
signal with a single component for the vibrational relaxation. seems a single broad component with a peak shifted to a lower
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Figure 8. Frequency-resolved transient grating signals of-tié=C=N— antisymmetric stretching mode of dicyclohexylcarbodiimide in £CI
(circle) observed at a frequency of (a) 2087, (b) 2106, (c) 2119, and (d) 2134 @apectively. The solid lines represent a signal calculated with
parameters obtained by the simulation of the time-integrated transient grating signal (Figure 4).

frequency side and a broader line width. This is because the SCHEME 2
size of the anharmonicity is similar to that of the line width. k,

To estimate the anharmonicity it is necessary to simulate the o — - e
line shape of the frequency-resolved transient grating signals “N=C=N- “ X Kk
based on theoretical treatment for nonlinear-IR spectroscopy. kg

The anharmonicity for the=N=C=N-— mode is roughly
estimated about 2025 cnt! from a preliminary simulatiod! suggested that the solvent memory effects may play a role in
The frequency-resolved transient grating signal observed atVvibrational dynamics in the regime where the rotational,
the frequency position of 2087, 2106, 2119, and 2131w vibrational, and dephasing times are all comparable.
shown in Figure 8 along with the fitting results. The fitting was A possible explanation for the present case is that the
performed with the same parameters obtained from the transienthonexponential relaxation is due to an intramolecular process
grating signal shown in Figure 4. The decay of the frequency- similar to the previous case. The time scale is too fast to be
resolved transient grating signal is almost independent of the explained by direct energy transfer between the mode excited
observed frequency. Especially, at 2087 émwhere a contribu- and the solvent. We here consider a mechanism that the excited
tion of the fundamental transition to the signal may be negligible, population on the-N=C=N-— antisymmetric stretching mode
the decay of the frequency-resolved transient grating signal isis rapidly distributed into other intramolecular vibrational modes
dominated by dynamics of the= 1 state. From these results, prior to irreversible relaxation from these modes to lower
the nonexponential behavior results from the population relax- frequency modes. The same mechanism was used to interpret
ation on the excited state. population relaxation of the methyl stretching mode of methanol,
Origin of the Nonexponential Decay.The results of the in which rapid distribution of the excited population between
transient grating measurements indicate that the populationthe symmetric and antisymmetric methyl stretching modes is
relaxation of they = 1 state proceeds nonexponentially. So far followed by vibrational energy relaxation to lower frequency
a nonexponential decay has been observed for vibrationalmodes!32
population relaxation in several systems. Among them some of The mechanism with the rapid distribution and irreversible
the vibrational modes show relaxation times ranging from relaxation is expressed as Scheme 2, where X denotes the
subpicoseconds to several picoseconds. Hamm et al. reportedntermediate state, ardis the rate constant of each process. A
that population relaxation of the amide | band of some pegtides schematic picture for this model is the following: the initial
andN-methylacetamid€ shows a biexponential decay with time  population in they = 1 state prepared by a pump pulse proceeds
constants of subpicosecond and several picoseconds. Theyopulation equilibration with a combination or overtone band,
interpreted the results in terms of a model that the fast decayingwhich is energetically close to theN=C=N— antisymmetric
component is due to specific Fermi resonances and the slowstretching mode. There may be many vibrational bands near
one results from relaxation of modes strongly coupled to the the fundamental of the combination or overtone band interacting
initially excited state. Lim and Hochstrasser observed a biex- with the —=N=C=N-— antisymmetric stretching mode, and the
ponential decay with similar time scales to those of the previous energy flow from the fundamental is rapid and irreversible.
example for vibrational relaxation of the CO mode of acetic According to Scheme 2, the population on the= 1 state of
acid dimert! As a source of the nonexponential dynamics they the —N=C=N-— mode (represented by(t)) decays biexpo-
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nentially, and the time constant and amplitude of the fast and the signal we found that this nonexponentiality results from

slow components are represented as follows, population relaxation on the = 1 state. The biexponential
population relaxations on the = 1 state may be caused by
p(t) = p, exp(-t/z,) + p_exp(-tiz.) (6) rapid population distribution with nearby states and the irrevers-
ible relaxation. Currently, photon echo experiments on this
1 Koo =K,k vibrational mode are under progress to study vibirational
P @) dephasing?

=17
2 2+ Kyt k)% — Ak,
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wherep, (p-) andzy (z-) correspond to the amplitude and the
time constant for the fast (slow) relaxation component, respec-
tively. Using these equations and the results of the biexponential
fitting to the transient grating signal for the CQolution, the
time constants for each step can be estimatedlas=1830 fs,
1/k_5 = 660 fs, and M, = 850 fs. It should be noted that all
three rate processes occur on subpicosecond time scales, whic
are much shorter than a typical time scale of energy transfer to
the solvent from 10 to 100 ps. The transient grating signals
observed for the CGland DMF solutions are indicative of a g; Efer:ﬁlt,vo-; Eislcheorl, S-CF.;BKaiser,I;AZ-hDeT- Physl/?\SJf 5'3_, Sﬁ- <
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