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Quantum beats and ultrafast solvation dynamics
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The beats during solvation dynamics have been studied theoretically and experimentally, using the
heterodyne optical Kerr effect and pump—probe spectroscopy. We showed that the solvation process
increases the beat contrast due to the hole-burning effect. Owing to the dipole activity of the
intramolecular vibration responsible for the beats, a dipole—dipole coupling between the
intramolecular vibration and the solvation coordinate is available. We have calculated a correlation
function of the perturbation of nuclear motion during electronic transition, when such a coupling
exists. Taking into account the linkage between the intramolecular vibration and the solvation
coordinate yields better agreement between theory and the experimental data. We have evaluated the
value of the linkage. The evaluation conforms with the values obtained by the computer fit of the
experimental signals. €999 American Institute of Physids$§0021-960609)51337-9

I. INTRODUCTION hole burning (pulses long compared with electronic
, , dephasing?*15-18in these experiments.

Quantum beats in transient four-photon spectroscopy of " This paper is devoted to a systemagxperimental and
nondegenerate electronic states of large molecules N COreoretical study of impulsive hole burning. It is a fascinat-
densed phase have been (_)bs?rveo_l both on nonresén‘ancqng problem because it involves two different processes: In-
and also on resonance excitafiotf with pump pulses short tramolecular ongbeat$ and intermolecular onésolvation

qompared with the beat periganpulsive excitation In par- 4 namic$ occurring on the same time scale that enable us to
ticular, the beats were observed on resonance excitation |r€/

810 : . . study their mutual influence on each other. Such an influence
pump-probe spectroscopy;™in transient dynamics mea- can be as follows. First, the increase in beats contrast due to
surements of dichroism and birefringericie, transient grat- ' ’

ing spectroscop$,and in three pulse stimulated photon echoﬂ;]f3 rlo_le-burnln.g teffe<t:_t n a quvatllor: zrct)ceiis. fThte t;ef?r? d
experiments:® The experiments on pump—probe and tran-S"eCt IS MOTE Interesting and is refated to the fact that the

sient grating spectroscopy were carried out with both ver;Peat frequencies for the molecules under investigation in this
short pump pulsegpulse duratiort,~ 10 f9,51° and pulses work are also active in their infrared specitsee below
p 1

long compared with electronic dephasiffy. Therefore, we consider that a component of the dipole mo-

First electron-vibrational theories of beats on resonancd'€nt of an IR(infrared transition D' (2) =(dD/d2),z ex-
excitation’*® concerned experimerts carried out with ists, wherez denotes the vibrational coordinate correspond-
pump pulses long compared with electronic dephasing. It ha#g to the beats. Due to the last fact, at least the dipole—
been pointed out in Ref. 13 that two mechanisms could havédipole coupling between a vibration and the solvation
been responsible for the observed beats: Herzberg—Tell@oordinatex is available. As a consequence, the beat attenu-
(non-Condon and Franck—Condon one. The estimations ofation will be related to solvation dynamics, the situation
relative contributions to the beats from these mecharSmswhich is similar to the vibrational relaxation of a polar di-
and whether they originate either from the excited or theatomic molecule in polar liquids’
ground electronic stateé$® have been provided by the Using the heterodyne optical Kerr effe@iOKE) and
steady-state spectra of a chromophore in a solvent. A theofyump—probe spectroscopy we observed low frequency beats
of beats excited with pump pulses short compared with elect~150 cni'?) in several polymethine dyes during the solva-
tronic dephasing was developed in Ref. 14. tion process in a number of solvents. The employment of

It is worthy of note that the low frequency beats on different solvents in which solvation dynamics changes from
resonance excitation with pump pulses long compared withast (methano) to relatively slow (hexano) enabled us to
electronic dephasing, occur on the time scale of the dynamktydy different regimes of impulsive hole burning. We will
ics of electronic spectra of molecules in solutideslvation  show that the beats intensity and attenuation strongly depend
dynamicg. Therefore, the corresponding methods of specyp the solute. The outline of the paper is as follows. In Sec.
troscopy can be considered as “impulsive hole burnif,” || we describe our experiment. In Sec. lll A we study the
s?nce.there are both the impulsive _excitation of m_°|eCU|arhoIe-burning effect in a solvation process on the beat con-
vibrations (pulses short compared with the beat periadd (a5t In Sec. 11l B we calculate the correlation function for
impulsive hole burning when the coupling between intramo-
dElectronic mail: huppert@chemosl.tau.ac.il lecular vibration and solvation dynamics exists. Then we ap-
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FIG. 1. Schematic diagram of the experimental apparalys; P, are
crossed Glan—Thomson polarized pair; the polarRegris oriented at 45°
with respect toP,. The laser system consists of a CW mode locked Ti:sap-
phire laser pumped by a CW argon laser.

ply our results to fit of the experimental data, and evaluate
the value of the coupling under consideration. In the Appen-
dix we present relationships between the nonlinear polariza-
tion and the correlation function for impulsive hole burning.

Il. EXPERIMENTAL STUDY OF “IMPULSIVE HOLE

1.0

0.8

©
[o)]
1

Normalized Intensity
o
N
1

0.2+

6511

Quantum beats and ultrafast solvation

0.0

(a)
1.0 1

0.0

T
0.5 1.5

Time [ps]

1.0

BURNING”
A. Experimental setup

The experimental system is shown in Fig. 1. A passively
CW (clockwise@ mode locked Ti:Sapphire laséCoherent
Mira 900P is pumped by an Argon ion lasé€oherent In-
nova 310 to produce 76 MHz train of short pulses with
70-120 fs full width at half maximun(FWHM) tunable in
the optical range of 720—800 nm. The laser out-put beam of
6 nJ/pulse is split into pump and probe beams with an inten-
sity ratio of 3:1, respectively.

In the time resolved resonance HOKE experiment, the
laser induced anisotropy created by the resonant absorption
of the pump pulse photons is probed by a variably delayed,
weak polarized probe pulse. The change in the polarization
state of the probe beam is detected by the transmission
through a crossed polarizer palP{ andP, in Fig. 1) of the
probe beam as a function of the time delay between the )
pump and the probe pulses. ‘h

In order to amplify the optical Kerr signal and to avoid 0.0 f :
complexity due to the quadratic nature of the signal, we use 0.0
heterodyne methods in the signal detection. A local oscillator  (b)
is derived by a small rotation of the analyzer polarizBp)X

by <1° from the maximum extinction position part of the FIG. 2. The short time behavior of the HOKE signals for cryptocyanine in
. . . hexanol(1), butanol(2), ethanol(3), and methano{4); dots—experimental
probe pU|Se which is in phase, and pOIanzed Orthoqonal t(Pesults, solid lines—computer fit witfe) and without(b) taking into ac-

the probe polarization. The magnitude of the local oscillatorcount the linkage between the intramolecular vibration and solvation dy-
intensity is about 30 times that of the Kerr signal. The use ohamics. The parameters used to fit the data are given in Tables I-IlI.

a local oscillator(LO) with field £ o and light intensityl | o
to detect a signal with a fieléy and intensityl ; results in a
detector response
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nant OKE measurement, which is used to measure the dy-
namics of liquids?’ the resonance measurements provide the
nc solvation dynamics of probe molecules in solution.
lotlst g(gggLoﬂL ELofs).
The crossed term in parenthesis is the heterodyne termB.' Experimental results
The sample was measured in a rotating cell to avoid Figures 2 and 3 show our experimental HOKE data con-
thermal contribution to the OKE signal. Unlike the nonreso-cerning beats for cryptocyaningl,1’-diethyl-4,4 carbo-
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FIG. 4. The Fourier transforms of the short time behavior of the HOKE
1.0 signals of cryptocyanine in hexanél), butanol (2), ethanol(3), and
n methanol(4).
0.8 Figures 4 and 5 show the Fourier-transformed experi-
mental data into frequency domain. All the spectra display a
peak near 150 cit (including nitrile solvents
- We also observed low frequency beats for a similar mol-
G 0.6- ecule, 3,3-diethylthiacarbocyanine iodide(DTTCI) for
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FIG. 3. The short time behavior of the HOKE signals for cryptocyanine in
valeronitrile (1), butyronitrile (2), and acetonitrilg3); dots—experimental
results, solid lines—computer fit witte) and without(b) taking into ac-
count the linkage between the intramolecular vibration and solvation dy-
namics. The parameters used to fit the data are given in Tables I-IIl.
cyanine iodidg in alcohols and nitriles. We can see that the 00— ———— ———————

depth of the modulation of the beats is larger in the slow
relaxing solvents. The beats are almost invisible in solvents )
with a fast relaxing Gaussian component of an appreciable o fom']

am.p“tUde like nitriles and methano". This fact c_:an be eX_FIG. 5. The Fourier transforms of the short time behavior of the HOKE
plained by the hole-burning effect during a solvation processignass of cryptocyanine in valeronitrild), butyronitrile (2), and acetoni-
(see Sec. Il A trile (3).
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FIG. 8. Emission (1) and absorption (2) spectra of cryptocyanine in

ethanol.
FIG. 6. The IR spectrum of DTTCI.

which the beat frequency is also active in the infrared spec2.5 and 3.5 ps, respectivelyee Table)l These values are in
trum of this molecule(see Fig. 6. Therefore, we consider reasonable agreement with other measurements of different

that the beats under consideration correspond to a low frg2robe molecules in the same liquids using other methods.
guency intramolecular vibrations. The short time hlgh resolution HOKE Signals of Crypto-
Let us consider the cryptocyanine data. The cryptocyacyanine up to 2 ps, are shown in Fig. 2 for the linear monoal-

nine molecule belongs to the polymethine dysse Fig. 7. cohol solvents. The signal for hexanol comprises of a short

It consists of a conjugate system linked on both sides symcomponent of 100 fs FWHM followed by several damped

metrically to the same ring structure. Both the absorption an@scillations with~250 fs time period. For butanol, the oscil-

the emission exhibit a simple vibronic structure with a mirrorlations’ amplitudes are much smaller than in hexanol solu-

Symmetry(l:|g 8) Using the f|tt|ng procedure’ described be- tions and the damplng rate is much faster. In ethanol, the

low, yielded a good fit of the computed signal with the ex-0scillations are barely observed and in methanol solutions

perimental one. The experimental data at long tirfies, the oscillations are not observed in the OKE signal.

longer than 1.5 pswas fitted to one or two exponentsee

Sec. Il B 1). The excited state lifetime of cryptocyanine is

relatively short. In low viscosity liquids, the excited state Ill. THEORETICAL BACKGROUND

lifetime scaleslinearly with the solvent viscosity. The ex- Let us consider a molecule with two electronic states

cited state lifetimes of cryptocyanine at room temperature:1 and 2 in a solvent described by the Hamiltonian

was measured for various liquids using time correlated single

photon counting technique. They are in agreement with the

longest component of the OKE signals of the low viscosity

liquids. In addition to the excited state lifetime, the HOKE TABLE I. Parameters of the long component of a “pure” solvation relax-

signal consists of long time components corresponding to thétlon_funCt'ons[See Eq.(24)] and the fast component amplitud =1
. . . 8 a,—ag for cryptocyanine in different solvents.

diffusional solvent response which contribute to the solva

tion correlation function. The data of cryptocyanine in a2 b2 a3 b3
methanol and ethanol were fitted with a single exponent of R 102 57
MeOH 03 0.43 0
EtOH 0.37 0.43 0.07 0.04
BUOH 0.35 0.43 0.18 0.04
O O HexOH 0.25 0.43 0.47 0.02
ACN 0.15 15 0
cH—N _ C H—C H—CH Q N—CH, PrCN 0.32 1 0
- BUCN 0.15 1 0.2 0.8
ValCN 0.22 1.8 0.18 0.2

FIG. 7. The molecular structure of cryptocyanine.
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2
Ho=n§l IV En— 7 yn+Wn(Q)(n], (1)

whereE,>E,, E,, and 2y, are the energy and the inverse
lifetime of staten,W,(Q) is the adiabatic Hamiltonian of

Zolotov, Huppert, and Fainberg

The spectra under consideration are similar to the spectra
of rhodamine 800 in a number of solvents exclusive of water
and D,;0.2 Previously we assumed that the intramolecular
vibrational contribution to the line broadening of the R800 in
solvents considered in Ref. 23 in the range between the elec-

reservoirR (the vibrational subsystems of a molecule and alronic transition frequencyw, and the first maximum is
solvent interacting with the two-level electron system undefminimal. We will use such an assumption also for the cryp-

consideration in stata).

tocyanine molecule. In our experiments the excitation fre-

The molecule is affected by electromagnetic radiation ofdUency corresponds to this range= 13700 cm ).

three beams

E(r,t)=E*(r,t)+E(r,t)= 3E(r,t)exp —iwt)+c.C.,
2

where

3
E(r,t)= Zl E(expikyr).

Therefore, one can use the model described in Ref. 23
for rhodamine 800 to calculate the nonlinear polarization
(see Appendix The latter can be expressed by the correla-
tion function of the quantityu=W,(Q)—W,(Q). Thus,
the theoretical part of our study concerns mostly the
calculation of the normalized correlation functio®()
:<ucer{0)ucer{7)>/<uger{o)>i where Ugen=Wa—W;— (W,
—WS,), for impulsive hole burning and its manifestation in
the pump—probe and resonance HOKE spectroscopy.

Since we are interested in the solvent—solute intermoleculas. nfluence of solvation dynamics on the beat
relaxation, we shall single out the solvent contribution tocontrast

W,(Q):W,(Q)=W,u+W,s where W, 5 is the sum of the

Hamiltonian governing the nuclear degrees of freedom of th%
e

solvent in the absence of the solute, and the part which d
scribes interactions between the solute and the nuclear d
grees of freedom of the solventy,,, is the Hamiltonian
representing the nuclear degrees of freedom of the solu
molecule.

A signal in any method of nonlinear spectroscopy can be

expressed by the nonlinear polarizatiet.
In the transmission “pump—probe” experimett!* a

te

Let us first consider the solvation influence on both the
beat amplitude and phase. The total correlation function, de-
geribing both the solute-solvent interactigsolvation—the
corresponding normalized correlation functiorfjig(7)] and

the low frequency intramolecular vibratiajthe normalized
correlation function isS,,(7)], can be represented in the
form:

S(r)=f (1) + 79[S A7) —fis(7)], (5

second pulséwhose duration is the same as the pump pulseWheren= s,/ sy, wsix is the Stokes shift determined by

probes the sample transmissiai at a delayr. This depen-
denceAT(7) is given byt

oo

AT(7)~—wl mf &y (t=n) P (t)dt,

)

where &, and P (t) are the amplitudes of the positive

the intermolecular motionsy, , is the contribution of the
vibration z to the whole Stokes shift, index denotes the
solute—solvent contribution.

We assume that the parameteg 1*° due to the fact that
we observe only the fundamental frequency of the vibration
which is responsible for the beats. Let us consider the trans-
mission pump—probe signfiEqg. (3)] and the HOKE signal

frequency component of the probe field and the cubic polarfor the LO phasey=0 [Eq. (4)]. Then using Eqs(A2),

ization, respectively.
In resonance HOKE spectroscépy** (see Sec. Il A
signal can be written in the form:

s}

Jper~—1 mf,mgfo(t_ mexpliy) PP (Hdt,

where ¢ is the phase of the LO.

(4)

Both the absorption and the emission of the cryptocya-

nine molecule exhibit a simple vibronic structure with a mir-
ror symmetry(Fig. 8). This molecule has a well structured

spectra which can be considered as a progression with re-

spect to an optically active high frequency vibration. The

members of this progression are well separated, and their
amplitudes rapidly attenuate when the number of the pro-

gression member increasgwactically, as one can see from
Fig. 8, the amplitude of the third component is rather small

Such a behavior provides evidence of a small change of the

(A5)—(A8) (see Appendix for nonoverlapping and short
pulses, we obtain for the transmission pump-probe and
HOKE signals in the first order with respect 1o

1
AT(T)'JHET(T)~+Z_ W

;{ (‘1’_(1)eliwst,x/2)2 1_frs(7)
xXexp —

O2s 1+f5(7)
X | 1+(S, A7) —fis(7))
2(w— W= wst,x/z)z frs( 7)
o1+ (1) 1-12(n]"]"
(6)

molecular nuclear configuration on an electronic excitationwhere w, is the frequency of purely electronic transition,
In other words, the Franck—Condon electron—vibrational in-o»g is the central second moment of the absorption spectrum.

teractions in the cryptocyanine molecule are small.

One can directly see from E¢f) that the attenuation and the
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phasg of the beats are detgrmingd npt only by the correlation <ucer(o)ucer(t)>=ﬁ[inst,x<x(0)X(t)>

function of the corresponding vibratio®, (7), but also by

the solvation dynamics. +Q%wg (2(0)2(1))
The maximum of the beats does not coincide with the .

maximum of the whole signal and appears later when the 20,07\ 05t xs1,2 SIGNdyd)

differenceS, (1) — f,s(7) on the right-hand side of Ed6) X(x(0)z(1))], (8)

differs from 0. Second, the factor before the curly brackets alimz 2 o

on the right-hand side of Eq6) describes a proportional Wherewsixz =% "0y di, is the contribution of the mo-

reduction of the beat amplitude which is related to solvatior!on X (2) to the Stokes shift between the equilibrium absorp-

dynamics. Third, the term[(S,{7)—f,s(7))f.(7)/(1 j[IOI’l and emission spectra. When deriving E8), we took

— 12 (7))]7 on the right-hand side of E6) whose origin is into account tha(x>=(z_>=0. Thus, we ought to calculate

the relaxation of the holéor spike value, strongly depends three correlation functions{x(0)x(t)), (z(0)z(t)), and

(diminishes on the relaxation of the solvation correlation (x(0)z(1)). ] ) ) )

function f,¢(7). Thus, solvation dynamics accelerates the Let us write the classic motion equations for the system:

beats attenuation. The last two factors are conditioned by the v2 v2

hole-burning effectthe spike and the hole evolutiprThere- x+x| Q2+ _22 +> —'2 +| zv,+ > yivi| =0, (9

fore, one can say that the hole-burning in a solvation process Q; T ‘

increases the beats contrast. We can expect that it is easier to )

observe beats in a slow relaxing solvent than in a solvent - 2 Vi

, + +2, — |+ + Vil =

where the Gaussian component decays very fast and has a z+z| 2 QJZ XVz ; av;| =0, (10

large amplitude. The last conclusions are illustrated in Figs.

2, 3, and 10. yi+ Q2 +xvi=0, (12)
q;+Qfg;+2v;=0. (12)

B. Correlation function for impulsive hole burning The reservoir variableg andg; can be eliminated from Egs.

when the coupling between intramolecular (9) and(10) by solving Egs(11) and(12) relative toy; and

vibration and solvation dynamics exists q;, respectively, and substitution of the obtained solutions

Let us calculate the correlation function for coupling of into Egs.(9) and (10). We next multiply both sides of the
the intramolecular vibration with solvation dynamics. We €quation obtained faz by x(0) and average. As a result we
consider the adiabatic Hamiltoniaw/, of the following  arrive at the equation that connects the correlation function

form: (x(0)z(t)) with (x(0)x(t))

_ 1022 d2 d
Wy =T+ 305X+ V(X,2) + Upatnr+ Uparnz, - _2<x(0)z(t))+ya<x(0)z(t))+Q§<X(O)Z(t)>
Wo=T+305(x—dy)?+v(x,2) — Q7d,(z—d,/2) ¢

+Ubathl+ UbachI +VZ<X(0)X(t)>:O (13)
where Here we assumed that intramolecular attenuation was a Mar-
) kovian one, and could be described by a constant
1, X Next we eliminate the variablefrom the equation fox,
v(x,2)= EQZ z+ vz§> ; and the variablex from the equation foe. In such a manner
z we arrive at the Langevin equations foft) andz(t). Mul-
1, x \? tiplying_both sides of the_ last equatiqns [:1(0)] anplz(O),
U pathi= E EQ‘ Yitvi—| respectively, and averaging, we obtain the equations for the
: Q correlation functiongx(0)x(t)) and{z(0)z(t))
2
1, z g2
Ubamz=$ 597 gty §) : G XOX() + ALXOx(D)
J

Herex is the solvation coordinatey; are coordinates of the . d

solvent bath interacting with the solvation coordinatis, the + j e(t—t") —(x(0)x(t"))dt’ =0, (14
coordinate of an intramolecular vibration responsible for the 0 dt’

observed beats); are coordinates of the intramolecular bath

interacting with the coordinate We used for the potential d? 2 V§ d

energies of the bathes and the vibratioand their interac- @Q(O)Z(UH Q- Q_)Z( (2(0)z() + 7a<z(o)z(t)>
tions with the solvation coordinate, the form proposed by

Zwanzig® tvZ . d o

The correlation function of the magnitude,.,=W, +L§Ss(t_t )F@(O)Z(t ))dt’=0, (15
—-W,;—(W,—W,), describing optical properties of the sys- X

tem under consideration can be presented in the form where
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2 TABLE lIl. The solvent contributions to the Stokes shift; and the central
= V2 d Mg, f f th ly electronic transiti d
szﬂz+ -z (16) second momentr,s, frequency of the purely electronic transitiar,, an
X X 2 the excited state lifetime; for cryptocianine in different solvents.
z
There are two contributions to the “memory” describing the st el U2s, Tt
attenuation of the correlation functioix(0)x(t)): ¢(t) cm cm cm ps
=o1()+@u(t). @1(t)=2;(v/Q?)cosQit is the memory  MeOH 236 14034 49 560 29
for solvation process, and EtOH 230 13967 46538 48
BUuOH 213 13908 44730 100
v2 HeOH 211 13873 44310 154
P2(t) = —5S,(1), 17 ACN 294 14036 57770 22.22
Q; PrCN 254 14027 54156 22.22
h BUCN 254 13975 53760 40
where ValCN 271 13920 48673 50
Y Y .
S,;(t)=exp — 5t]| cosw,t+ =——sinw,t |, (19
2 2w,

is the normalized correlation function of the coordinate Where v.=v; S'Qn(dxgz)’ Sxx(t)z(X(o)X(t)?sz(o» and
with no taking into account its coupling with the coordinate Sz4t) =(2(0)2(t))/(z°(0)) are the normalized correlation
X, 0,= W The memory in Eq(15) (vﬁl'ﬂi) S funcltlonhs oIf thefcoorc:ugte:sagdz, re;pedctglely. ) .

is determined by the normalized correlation function of thebehar:/i(t)reofzst u?;n;l:)ﬁl/at?olr? coertrgz:;ilgﬁ fun)éti%g(st)o(rlt?(talp]e
“pure” solvation Sy(t). The latter corresponds to neglecting 26) P '
by the term ‘zv,,” describing a linkage between theandz

motions on the left-hand side of E¢). Correspondingly, 02 02
the Laplace transform dB(t) is determined by the follow- Ss(t)=1~- 7t2+ e ~ex;{ - th) (21)
ing equation:
_ Si(t) is an experimentally measurable quantity. It can be
_ Pteip) determined for example as a normalized solvation correlation
Si(p)= p2+ 02+ pey(p) (19 function for a solute which does not show beats. The corre-
o lation function S,(t) can be found by solving integro-
where ¢, (p) is the Laplace transform apy(t). differential equationEq. (15)] with a kernel (¢2/02)Sy(t

Doing so, we obtain as a result a formula for the corre-

_ , : _ —t'), whose amplitude is determined by the quantify2.
lation function of the magnitude,., defined by Eq(8)

1+

v§ 1. Fitting experimental results
) The short time OKE signals of cryptocyanine in alcohols
and nitriles were fitted by Eq$A2), (A3), (A5)—(A8) (see
\72 Appendi¥ and the correlation function calculated in Sec.
stz(t)_zﬂ_\/wst,stt,z Il B [Eq. (20)] [see Figs. &) and 3a)]. The pulse duration
X wast,~75 fs in all experiments. We modeled a pure solva-

f
<ucer{0)ucen(t)>: ’E‘ wst,xsxx(t)+wst,z QZQZ

1 Q, [t tion correlation functionS(t) as consists of two compo-
X Q—Szzi(t)+ w—fosxx(t’) nents: a fast on&, ¢(t) and a slower on&, (t)
z z
Ss(t) =S ¢(t) + S 5i(1). (22)
X ex _Z(t_tf) sin(w,(t—t"))dt’ The fast componen§;¢(t) =a;Sgo(t) is modeled by an
2 overdamped Brownian oscillator
(20) 1 A 5
Seo()= 5| 1+ 75— exd — (A= VA2— Q)]
VA= Q5
TABLE Il. Parameters of correlation function for “impulsive hole burning” 1 N
for cryptocyanine in different solvents. + > 1- —_— exd — (A + \/Kz—sz)t].
— VA= Q5
vilQg Q, Qy A Y
em?  ecm?!  em?! em! em?t ey, /o, (23)
MeOH 5744 154 93 93 o4 0.9 The slower componen®, /() is modeled by one or two
EtOH 2636 154 82 83 24 0.9 exponents:
BUOH 1251 154 80 80 24 0.9
HexOH 541 154 60 61 24 0.9 Ss si(t) =az exp(—byt) +az exp(—bat). (24)
ACN 2957 149 109 109 25 0.9 The fit of the experimental data is good for all solvents.
PrCN 2703 149 93 93 25 0.9 The fitting parameters are given in Tables | and Il. Param-
BUCN 2636 149 82 83 25 0.9 _ . .
ValCN 2331 149 74 75 o5 0.9 eters obtained from the spectra of single-photon absorption

and luminescence are listed in Table Ill. The fit of the ex-
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2. Effects of detuning and the amplitude of
fast component

The laser frequency detuning from the electronic origin
depends on the particular solvent. To study this effect on
OKE signal, we carried out also the simulations of the cor-
responding signals for cryptocyanine in hexanol for different
laser frequenciegFig. 9. One can see that the frequency
detuning affects mainly the nonmodulated part of the curves,
and almost does not affect dramatically the amplitudes of the
beats. In contrast, our simulations with different amplitudes
of the fast componer(Fig. 10 display their strong influence
on the beat amplitudes. These results are in complete agree-
ment with the conclusions of Sec. Il A.

1.0 1

©
[0¢]
1

o
»
1

Normalized Intensity
©
D
1

. 3. Evaluation of coupling between intramolecular

024 vibration and solvation dynamics

From the fitting parameters given in Table Il, it emerges
that the main difference between solvents is the large differ-
ence in the value of2/Q)2, the parameter of coupling be-
0.0 T T T T T T T T T T T T 1 . . : H
05 00 05 10 15 20 25 tween vibrationz and solvation coordinate Are the values
obtained by the fit physically meaningful? To answer this
question, we shall evaluate the valuevgfQ)2. Let us denote

Time [ps]

FIG. 9. Simulations of the HOKE signals for cryptocyanine in hexanol for

different laser frequencies: 13910 tin(1), 13710 cm?! (2), 13610 V_V{qs:VzX- (25)
cmt (3), and 13510 cm? (4); diamonds—experimental results. All oth-
ers parameters correspond to curve 1 of Fig).2 Below we will show that the last quantity can be considered

as the first derivative of the interaction energy between a
_ _ _ _ _ solute and the nuclear degrees of freedom of a solvent with
perimental data with a correlation functidh) which does  respect to coordinate In such a case the correlation func-
Inot tglk;e |tr_1to accgunt tlhet_coupcl;ng between tlr:je '”tram()"l?f‘:ﬂo_n (W, (0)W, (1)) can be written in the form:
ar vibration and solvation dynamics, yields somew a(WQS(O)WQS(t))=v§<x(0)x(t)>, and correspondinglyv?

\év(%;s:rru;e;g)lﬁs especially for fast relaxing alcohalse Figs. =<V_\l,’1§(0)>/<x2(0)). However, in the high-temperature

(classical approximation, the thermal averagéx?(0))
=1/(BQ2). Therefore,

2

Vs \\ /! 2
1.0 §:B<Wns(o)> (26)
X
Below for purposes of evaluation, we will not discriminate
between(},and Q.

081 The interaction energy between a solute in electronic
- staten and the nuclear degrees of freedom of a solvent is
= given by the formula
é 0.6 B
< Wost)= [ o (EM(2(0),

(0]
N
‘_é’ wherep(r) is the nuclear part of the polarization operator of
£ 047 the solvent(per unit volume at pointr, E((r,z(t)) is the
z electric field created by the solute molecule in electronic
: staten which depends on the vibrational coordinaf€). The
024 quantity E((r,z(t)) can be expanded with respect to the
: variation of the coordinate from an equilibrium valuez,.
Then
5 (n)
0.0 . . T i . . . — JE"(1,2)
00 05 10 15 20 25 Wns:_f drp(r)| EM(r,zo)+ ————| (z-z0)+ -+
Time [ps] ‘0
FIG. 10. Simulations of the HOKE signals with different amplitudes of the =W25+ qus(z(t) - ZO) +oee (27)

fast componenta; =0.1 (1), 0.28 (2), 0.5 (3), and 0.7(4); all others pa-
rameters correspond to curve 1 of Figa2 Dots—experimental results. where
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- d , where D=(r,—r,)q, is the dipole moment of the system
Whs=— 5j drp(r)E(“)(r,z)lzoz—J drp(r)E M(r,z). which is independent of the choice of the origin, ahth
(28  =rpq:

The electric moment can be expanded with respect to
Comparing Eqs(27) and(28) with Hamiltonian(7), one can  coordinatez

see that Eq(28) for z,=0 corresponds to the termx in the

Hamiltonian(7) in accordance with Eq25). m=(Do+Amp)+ (D" +Am")(z—2o). (34)
Let us determine the spatial Fourier transforms(f) Then using Eqs(28), (32), and(34), we obtain in the dipole
andE ("(r,z,) approximation:
~1 /(n) 1 ’ ’ 1
pkzj dr exp(ikr)p(r),E (M(k,z,) Eqip (120)= 7 —(D"+Am")VV| /. (39
) The spatial Fourier transform of this field can be found by
=f dr exp(ikr)E (M(r,z). (290 the second formula of Eq$29).
Equation(35) shows that in comparison to the field of
Then we can expres&/, by p, andE (M (k,z) the neutral polar molecules\fn’ ~q=0), there is an addi-
tional contribution from the net charggfor molecular ions.
V_Vﬁs: _(ZW)_sf dkp E (M(—k,zy). (30) The last effectzcar; be a_rr—;ason for different magn.ltudes of
the parametevs/ Q5= B(W,;5(0)) [see Eq.31)] for differ-

ent alcohol solvents in our experiments. For methanol the

counter ions are at a large distance from each other, and one

can consider the solute molecule as a positive ion in this
_ _, case. For buthanol, for example, the counter ions are at a
<Wr'1§(0)>=(27T)_3J dk|E (M(k,z0)[?C(k,0), (3D small distance from each other, and the solute can be con-

sidered rather as a neutral molecule.

whereC(k,0)=Tr[p_px exp(=BWsg) I/ Tr exp(~BWsq) is Let us evaluate the value of the parametétQ2. The

the amplitude of the orientational polarization correlationvalue of the solvent contribution to the Stokes shift between

function of the solvent/*® and W is the Hamiltonian  the equilibrium absorption and luminescence spectra of a

govering the nuclear degrees of freedom of the solvent in theolute molecule in the solvent is determined by the forfftula
absence of the solute.

Using Eq.(30), we can calculate the thermal average
(Wn2(0))

Let us consider a molecule as composed from point :i f =(1) =2 2
charges at the center of each atdar atom group. The OstTHB (2m)3 dk[E™ (k. 20) ~E®(k2)[*C (k. 0),
position of each atom from the center of mass, which is (36)

assumed to be the origin, is denoted by and its electric
charge igy; . Then the electric field created by this system o
charges at the distancefrom the origin can be presented in

¢where E®2(k,zo) = [dr exp(kr ) E®?(r,z) are the spatial
Fourier transforms of field&®(r,z,). In the dipole ap-

the forn?o3 proximation, the magnitude dE™(k,z,) —E@(k,zo)|? is
proportional to| AD|? whereAD=D,;— D,, is the change of
1 1 1 the dipole moment of a solute under electronic excitation of
E(r,iri})= —qV{—=|+mVV| —|—--- ], 3 =, _
(A= gme | O r) r) } 32 e solute, andE’(M(k,z,)|?>~ |D'|%. A typical value of

|AD|~|Dg|~1 Debye. The magnitude dd’ can be evalu-
ated agD’|2~0.01D,|?(2Q, /%) where#/(2(),) is the av-
erage value of the zero vibration amplitude squared of the
vibration z. Therefore, using Eq926), (31) and (36), we

where q=2,q; is the net electric charge of the molecule,
m=Z;q;r; is the electric moment of charggsrelative to the
origin. We introduce the electric centers of gravity of the
positive and negative charges by the equafidns

obtain
2 12
g}s qiri:rppzos qi:rpqp V_22 f / ( . ~|D | ﬁ/(ZQZ)««OOl
Qx 24, |D0|2
and For Q,~150 cm ! and a typical valuesg,~ 1000 cm !, we

havev2/Q2~3-10° cm™ 2 that conforms with the values ob-
> Gil=rn> Gi=—rnlh, tained by the computer fit of the experimental sign@lse
neg neg

Table ).

in which the radius vectors from the origin to these centers

are represented by, andr,, and the total positive and nega-

tive charges are denoted Iy and —q,,, respectively. Itis |v. CONCLUSIONS
clear thatq=q,—q,. Then the electric momenh can be

presented in the following form: In this work we have studied theoretically and experi-

mentally the beats during solvation dynamics—impulsive
m=D+Am, (33 hole burningt®> We showed first that the solvation process
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increases the beat contrast due to the hole-burning effec€ondon electron—vibrational interactions in rhodamine
Second, due to the dipole activity of the intramolecular vi-molecules are small. The resonance Raman scattering studies
bration responsible for the beats, a dipole—dipole couplingf rhodamine dyeS3*display intense lines in the range of
between the intramolecular vibration and the solvation coor~1200-1600 cm?® and the lowest-frequency one at 600
dinatex is available. We have calculated a correlation func-cm™ in both alcohol and water solutions. Therefore, one can
tion when such a coupling exists and have shown that in thassume that the intramolecular vibrational contribution to the
case under consideration, the memory in 8d) describing line broadening of the R800 in the range between the elec-
a non-Markovian attenuation of the beats, is determined byronic transition frequencyw, and the first maximum is
the normalized correlation function of the pure solvationminimal. In experimentS the excitation frequency corre-
S4(t). Taking into account the linkage between the intramo-sponded to this range»=13986 cm 1).
lecular vibration and the solvation coordinate yields better  Let us discuss the interactions with the solvent. They
agreement between theory and the experimental data.  satisfy the slow modulation limi®=*8273%in the spirit of

In principle, S¢(t) is an experimentally measurable Kubo's theory of the stochastic modulatin
guantity. It can be found from the solvation study of different
solute in the same solvent. Such a procedure suggests a non- Ts02s> 1, (A1)
spe_cific solvation. U_nfortunatel_y, a non-specific solvation iswhere\sa% plays the role of the modulation amplitude and
an ideal case and is not r_eahzed for the molecules undeTrs is the characteristic time of the attenuation of the solvation
study. ThereforeSy(t) was fitted too. correlation function.

~, _
We have evaluated the value of/{};, the linkage be- As a consequence of conditigAl), we can obtain the
tween vibrationz and solvation coordinate. We obtained  following expression for the nonlinear polarization of the

the value~3000 cn 2 that conforms with the values ob- system®7
tained by the computer fit of the experimental signals. This
evidence is in favor of the existance of such a linkage. More
experiments on this topic are in progress.

Our study shows that in comparison to the field of neu-
tral polar molecules, there is an additional contribution from XE (O E mi(t—72) ER(t—10), (A2)
the net charge for molecular iongdsee Eq.(35)]. The last
effect can be a reason for different magnitudes of the para
etervZ/Q2 for different alcohol solvents in our experiments. E (1) =Eyext] — (A%2)(t—t,)2+iwt,], (A3)
For methanol the counter ions are at a large distance from
each other, and one can consider the solute molecule aswith pulse duration of
positive ion in this case. For buthanol, for example, the
counter ions are at a small distance from each other, and the tp
solute can be considered rather as a neutral molecule. In Eq. (A2) ®(w,t,7,) is the cubic susceptibility.

Finally we emphasize that while the-z coupling is not We consider the translational and the rotational motions
sharply pronounced in the quantum beat dynamics, it is Veryg jiquid molecules as nearly classical at room temperatures,
mteresf[lng, manifesting mfo_rmatlon on the correl_atlon be-since their characteristic frequencies are smaller than the
tween intramolecular dynamics and a solvent motion. thermal energykT.

In the Condon approximation, the cubic susceptibility
x®(w,t,7,) can be written in the fornd

1 o0
PO =5 2 | drax®etr)

mm’' m”

n{'[ the exciting pulses are Gausstin

=1.665A> 0,2 (A4)
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APPENDIX
w(z)=exp— 7%

1+(2i/ﬁ)fzexp(t2)dt
0

Let us describe the model used in Ref. 23 for rhodamine
800 in a number of solvents to calculate the nonlinear polar- )
ization. This molecule has a well structured spectra whicHS the error function of the complex argumént
can be considered as a progression with respect to an opti- A2
cally active high frequency vibration-1500 cni1.3? The a,p= (1A 72(24 (7)) ~H(3+S(72)) F tyyr -t
members of this progression are well separated, and their -I-tm(l-I-S(TZ))]-I-w—wa‘Q(Tz)}/(ZO'(TZ))l/Z,
amplitudes rapidly attenuate when the number of the pro-

. . . : . (AB)
gression member increases. Such a behavior provides evi-
dence of a small change of the molecular nuclear configuraxvhere we putt,,=0 andt,,+t., =7 in Eq. (A6) for the
tion on an electronic excitation. In other words, the Franck-spectroscopical methods under consideration,
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