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Vibrational energy relaxation, nonpolar solvation dynamics
and instantaneous normal modes: Role of binary interaction
in the ultrafast response of a dense liquid

Ranjit Biswas, Sarika Bhattacharyya, and Biman Bagchi?
Solid State and Structural Chemistry Unit, Indian Institute of Science, Bangalore 560012, India

(Received 27 May 1997; accepted 16 December 1997

Recently instantaneous normal mode analysis has revealed an interesting similarity of the solvent
dynamical influence on two rather different phenomena, namely vibrational energy relaxation
(VER) and nonpolar solvation dynami¢slPSD). In this work we show that this similarity can be
rationalized from a mode coupling theoretic analysis of the dynamic response of a dense liquid. The
present analysis demonstrates that VER and the initial NPSD are coupled primarily to the binary
part of the frequency dependent frictional response of the liquid. It is found that for strong solute—
solvent interaction, the initial decay of nonpolar solvation dynamics can proceed with time constant
less than 100 fs. In addition, a very good agreement between the calculated and the simulated VER
rates have been obtained for a large range of frequencyl19@8 American Institute of Physics.
[S0021-960698)50112-2

I. INTRODUCTION different theoretical framework, that is, the mode coupling
_ . theory®>%2 The latter provides a reliable description of the
Considerable progress has been made in recent years f#2quency(or time) dependent response of the liquid.
understanding the influence of solvent dynamics on a large There is. however. a more fundamental aspect of this
number of chemical relaxation processes in solution. It hag, ojem. Several recent studies on solvation dynamics have

been discovered that not only many elementary chemical 1&g, ng 4 nearly universal ultrafast component in the 50—100
actions, such as electron transfer reactiohand isomeriza- fs range in many solveni1426-26The presence of such

tion dynamic$ Eccur vvllthtgreatfrapld|t3|/, but otthder ﬁhem'%altcomponents in water and acetonitrile has been rationalized in
Erc;cesses sulc as so vg Io!’:ho ab”‘?Wy creadet. ¢ aég—gFe 'SWarious theorie It is the presence of such ultrafast compo-
ution can aiso proceed with subpicosecond ime " nents in higher normal alcoholgthanol—butang] reported

These discoveries have led to renewed activity in mamfecently by Joet al,*® that deserves special attention. These

branches of liquid phase chemistry. For example, it has been . : ;
. : authors studied the solvation dynamics of a large dye mol-
shown that ultrafast solvation can have profound influence

on such commonlv assumed Slow process as ionic Condue_cule in alcohols by using three pulse photon echo peak shift
- y o931 P : %3PEP$ measurements and they found that 30%—-60% of the
tivity of an electrolyte solutio®=3! Theoretically, attempts

have been made to rationalize the experimental results by m():itecay of the total solvation energy correlation function is

only using the standard methods of time dependent statisticgf”"”ed out by an ultrafast Gaussian component with a time

26
mechanics, but new methods have also been invented. Or?é) nstant ) less than 100 fs. Joet al,™ have also found

such method is the study of the instantaneous normal mod gat the presence of such an ultrafast component in alcohols

(INM) to understand the short-time response of a dens methanol—-butanglis rathergenericin nature. These obser-
liquid.3** INM has been used to study solvation vations were different from the experimental results of

dynamics®® far-infrared (FIR) absorption spectruffi and Horng et al?” who studied thepolar response of the solvent
more recéntly vibrational energy relaxatig* to an instantaneously created charge distribution and found
The motivation of the present work corﬁes from the fol- N° such ultrafast component. The scenario has become even

lowing facts. Recently Stratt and co-workers have reporte(ﬁnore_ mtere('jstlng by ka Very rre]centl expen;nental_ stuoLleLngf
the surprising result that the rate of the vibrational energ)}irns;lng_an lco—wo?kers rﬂn tfe SO vagon yngrﬁn?lcs ?],
relaxation (VER) and the nonpolar solvation dynamics /20 dye in solvents like chloroform and acetonitritén this

(NPSD in a nonpolar liquid both are dominated by the dy- work Ernsting and co-worket$argued that the experimen-
namical events only of binary interactiorer modes.3® tally observed fluorescence Stokes’ shift for the dye mol-

While the important role of binary collisions in VER has ecule at times less than 70 fs may be attributed to various
been discussed earli&-the same for NPSD has not been INtramolecular relaxation processes such as isomerization
anticipated before. The objective of this note is to demon@nd/or vibrational energy relaxatidh Recently, we carried

strate that such similarity can be understood from an entirelfUt @ theoretical investigation on tipelar solvation dynam-
ics in these monohydroxy alcohdfsand found also that

Y there is no ultrafast component in thelar solvent response
Electronic mail: bbagchi@sscu.iisc.ernet.in; ; <= ; ;
bbagchi@hamsadvani.iisc.ernet.in; Fax: 91 80 3341683; 91 80 331131¥.\/Ith 6= 100 fs present in these solvents exceptin .methano.l'
Also at the Jawaharlal Nehru Centre for Advanced Scientific Research!/ the same work, we ha\_/e also shown that a mICI’OS_COpIC
Jakkur, Bangalore, India. theory based on a realistic model for solvent dynamic re-
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sponse can give rise to a time constant of 150—-200 fs for The vibrational energy relaxation has a long
nonpolar solvation which is, again, higher than that reportednistory*6=4°°"=50Several theoretical studies on vibrational
by Jooet al?® enrgy relaxation have been carried out by invoking two basic
A possible interpretation of this ultrafast component hasmodels—the isolated binary collisidtBC) model in which
been provided by instantaneous normal mode analysis whicte collision frequency is modified by the liquid structure,
finds free inertial motion of the solvent molecules respon-and the weak coupling model where the vibrational motion
sible for this component. The INM studies on solvation dy-of the molecule weakly couples to the résanslational and
namics by Ladanyi and Stratthave revealed a nearly uni- rotationa) degrees of freedom so that a perturbative tech-
versal mechanism for the solvation of an excited solute in anique can be employed. The IBC model has been developed
solvent, irrespective of the nature of the solute—solvent inby Herzfeld, Litovitz, and Madigosky~°and the VER rate
teraction(nonpolar, dipolar or ionic According to the pic- for two level systems is assumed to be given hyl
ture provided by Ladanyi and Strdft? the solvation is =P;;7; ', wherer; " is the collision frequency an; is the
dominated by the simultaneous participation of the nearesprobability per collision that a transition from levieto level
neighbor solvent molecules where the solvent libration ig will take place. Note thaP;; is independent of density but
usually the most efficient route to the solvation. Recentlydoes depend on temperature wheregasdepends both on
Skinner and co-worket® have presented an interesting these two state parameters.
analysis of the nonpolar solvation dynamics where energy In the present work, we use the friction from the mode
relaxation in the range of 100 fs was observed. In this workcoupling theory to calculate the VER rate in dense liquids.
the ultrafast component arises from the solute—solvent twoThe agreement between the theoretical predictions and com-
particle translational dynamics in the cage of the other solputer simulation result§is excellent over a large frequency
vent molecules. Thus, here also the binary part plays théange. The energy relaxation is found to couple only to the
dominant role. initial part of the binary component of the total friction. This
In our earlier study of nonpolar solvation dynanit®¥ is in agreement with the conventional wisdom. The calcula-
we did not consider the contribution of the binary part to thetions presented here, however, are analytic and no adjustable
solvation energy explicitty—the binary part was included Parameter has been used.
only in the frictional response. The situation for nonpolar A large number of theoretical studies have been carried
solvation could be quite different from polar solvation. In the Out recently to calculate the density of statB©9) in liquid
latter energy relaxation may be dominated by the coupling ofVith the hope that it will help in understanding the liquid
the polar solute’s electric field to the solvent polarizationState dynamic&:~* The density of states are generally ex-
whose dynamics is controlled by the collective density relaxPressed in terms of two quantities—the averaged and the
ation of the solvent. This density relaxation of course conWeighted density of states. The averaged density of states
tains the binary component. Note that the above separation (§POS) could be related to the velocity autocorrelation
somewhat arbitrary because the total energy of a polar solufénction by using harmonic approximati6hThe weighted
may also contain a significant nonpolar contribution. Thedensity of states(WDOS), as shown recently by Stratt
separation into binary and the rest—the correlatectt @l is related directly to the frequency dependent fric-
contribution—to the energy, becomes necessary when tHéon- A study of WDOS is also presented in this article.
short-range part of the intermolecular interaction makes a  1N€ organization of the rest of the paper is as follows.
dominant contribution to the total energy and this is certainly>€ction Il A contains the theory for the calculation of the
the case for nonpolar solvation. An important point to noteféduency dependent friction. Section Il B describes the the-
that in time dependent fluorescence Stokes shift experimenf¥etical details of the nonpolar solyation dynamics of a
on polar solutes in polar solvents, the nonpolar part may ndkennard-Jones particle in Lennard-Jones fluid. Section 11 C

make a large contribution because this part may not Changrgpntains the discussion on vibrational energy relaxation. In
significantly upon excitation. Sec. IID we present the theory for the calculation of

In this work we present an analytic study of the impor- weighted density of states in a liquid. The results are pre-

tance of the binary part to the nonpolar solvation dynamicSented in Sec. lll. We conclude the paper with a brief sum-
by using the ideas of the mode-coupling theory. A particulafMary in Sec. IV.

advantage of this approach is that it explicitly separates both

the energy and the force into a binary part from short rangg. THEORETICAL FORMULATION

interactions and a collective part from the correlated dynamA F q dent fricti
ics involving many particles. This approach has been rather” requency dependent friction
successful in dealing with the dynamics of dense liquids. We  The calculation of the frequency dependent friction is
report the results of theoretical analysis of nonpolar solvatiomather involved. For the present purpose, the main interest is
dynamics, vibrational energy relaxation rate and frequencyhe high frequency limit of this friction. As shown below,
dependent friction. We find that 60% of the total decay of thethis can be obtained in two different ways. Both the ap-
nonpolar solvation energy correlation function with a timeproaches generate numerically similar results, although the
constant of~100 fs is carried out by the binary interaction semiempirical approach is much simpler. In the following
part only. The important point here is that both of them areboth the approaches are outlined.

controlled almost entirely by the binary part of the frequency ~ Both in the modern kinetic theotyand in the sophisti-
dependent friction. cated mode coupling thed®ythe frequency £) dependent
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total friction, {(z) of a dense liquid is assumed to be given Next we describe the expression for the self-dynamic
by the combination of three terms. These are the binary colstructure factorf-3(q,t). The expression d¥3(q,t) is shown
lision term (g(2)), the density fluctuation term{(,(z))  to be given by*™

and the transverse current terif},(z)). However, the con-

2
tribution of these terms are not additive. The final expression s _ —q°keT 1 —tZ )
F>(g,t)=exp——— | t+— (e *0=1) ||, 4
is given by the following relation? (@b F{ m&o o ( ) @
1 1 1 where {,={(z=0), the latter has been calculated self-
= + : 1 i i s i
(@D L@+, (1) consistently from Eq(1). In the expression dfS(q,t) using

the zero frequency value of the friction is clearly an approxi-
Note here that the binary frictiodg(z) is determined by the mation. It is the time dependent friction which should be
short range interactions between the solute and the solvetged to obtain the correct result. But doing an infinite-loop
molecules whereas both ttfg,(z) and {,(z) are governed calculation with the time dependent friction is highly non-
by the relatively long range interactions. trivial. Note that the form of the self part is accurate both in
We first describe the calculation df,(t). This contri-  the short and in the long time, but it precludes any nonexpo-
bution originates from the coupling of the solute motion tonential behavior oF°(q,t) that it may exhibit in the inter-
the collective density fluctutation of the solvent through themediate time. However, this can only be a minor limitation
solute—solvent two particle direct correlation function. Theof the present work} because, this nonexponentiality at the
expression foi,,(t) is as follows?%®° intermediate times is expected to be small for tracers with
sizes smaller than the solvent molecui2§! Assuming the

= pkeT fd & 820 T ES(A zero frequency limit does not introduce much error as we
Lonl V)= [mzm3] ) (@-a)7a" P’y know that the major contribution af,,(t) to the total fric-
0 o tion is in the long time limit. The inertial part of the self
—Fa" . 0]lci(q)]F(9" D), (2> dynamic structure factoE°(q,t) is given by?
wherekg is the Boltzmann constant afidthe temperature in keT G2t2
Kelvin. F5(q,t) is the dynamic structure factor of the solute Fo(q,t)=exp< T T> . (5)

andF%(q,t) represents the inertial part of the dynamic struc-

ture factor of the solutee;5(q) denotes the wave number)(  The third contribution in Eq(1) comes from¢,(z) which
dependent two particle direct correlation functiéi{q,t) is  originates from the coupling of the solute’s motion with the
the dynamic structure factor of the solvent. An interestingransverse mode of the collective density fluctuation. The
aspect of the above equation is that it accounts for the mica|culation of,(z) is highly nontrivial. However, we do not
croscopic distortion of the solvent around the solute througmeedgn(z) in the present calculation since it has been shown
the product c1(q)F(q,t). For particles interacting via explicitly in Ref. 66 that the’,, contribution becomes negli-

Lennard-Jones interactior;,(q) can be obtained by em- gible in a solvent at high density with a solute of comparable
ploying the well-known WCA theoR/®®which requires the gjze.

solution of the Percus—Yevick equation for the binary
mixture®® The latter is obtained in the limit of zero solute

concentration. The calculational procedures of the other The quantity which is particularly relevent in the present
quantities have been described in detail elsewfiened thus  work is the binary part of the friction;g(z). This contribu-

B. Microscopic expression for binary friction

we disscuss them briefly here. tion originates from the instantaneous two-body collision be-
We use the following expression of solvent dynamictween the solute and solvent particles. Since these collisional
structure factorF(q,t): events are always associated with the ultrashort ttimee
scale <100 f9 dynamics of the medium, the time depen-
o1 S(a) dence of the binary friction could be well approximated by
F(q.t)=% = , (3 , _ .
R (wg) the following Gaussian decay functidh:
Z —
A
7+ —9 £a(t) =05 exd — (t/7)°], (6)
z+ Ty

where 7 is the time constant associated with the above bi-
where the solvent dynamic structure factor in the frequencyﬁary Gaussian relaxatiof), is the Einstein frequency of the
(2) plane is obtained from Mori continued fraction expan-gojyte in the solvent cage. This quantity can be evaluated
sion truncated at second ordér”~* denotes the Laplace from the solute—solvent radial distribution functign.r)
inversion which is performed numerically by using the Ste-5nq the interaction potentialu(,(r)) between them as
hfest algorithn?! S(q) is the static structure factor of the fqjjows:52-68
solvent and is calculated from éhg soz!ution ofzthe Percus—
Yevick equation for pure liquids? ™ (ws)=[ksT5/mq)] 4ap (=
and 75 *=2 (A4 /m), Aq=w§(q)—(w§§ where, w(q) is 0= fo dr r’guAr) Vivaar), @
the second moment of the longitudinal current correlation
function. The other equations and parameters necessary fatherem is the mass of a solute particle apds the density
the calculation of(q,t) are given in Ref. 52. of the solvent. We need the expression for the time constant,
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7g to calculate/g(t) from Eq.(6). The expression forg can J
be derived from the definition af(t) by using the short time Gr,t+At)=(d[r— r(t)])—Ar<(7—r S[r—r(t)]
expansion and is given B

Nk < - <t>]> 14
— — r‘—r —ee |
Q%/Té=(p/3m)2f dr(VeVAu15(r))gsaAr) 2 ar?
We now define the incremenhG,,(r,t), over G ,(r,t) as
X(VVPu1(1)) + (1/6p) follows: b b
X f [d/(2m)* 1744 @) Si ) 1] AGAT,1=Gdr t+AD=Gualr ), (15
which, after using Eq(14) and the definition ofG;,(r,t),
x(q)ygf’z(q), (8) produces the following expression:

where summation over repeated indices is implied. The other
guantities in Eq(8) are described in Ref. 52. It is clear from
the above expression that though E8). provides an accu- > | 2
rate estimation ofrg, its implementation requires extensive + (ar) <(9_ 5[r—r(t)]> —.. (16)
numerical work. 2 \or? '

In the following we derive a simplefalthough approxi- o, sinceAr —0 asAt— 0, we neglect all the terms in Eq.

mate expression fo¢g(t). First, note that the expression for (16) containing (Ar)2 and higher powers of it and obtain the
the same time force-force correlation function is given &Xollowing expression for\ Gyor,t):

actly by

0
AGy(r,t)= —Ar<§ (S[r—r(t)]>

AGlz(r,t):_Ar(t)VrGlz(r,t). (17)

Cre(t=0)=[4mpkgT]X f dr rzglz(r)Vrzvlz(r). 9 Now in the same way if we define the increment over
0 AG(r,t) as
This is determined by the binary interaction terms only and AAG 1, 1) =AG A1, t+At) —AGAr 1)), (18)
is proportional to the Einstein frequency. Thus, a straightfor- o
ward generalization to the time dependence of the binary pathereAGo(r,t+At) is given by
of the force—force time correlation function would®be AGy(r t+At)=—[Ar(t+At)]

CEF(t):[47TPkBT]Xf:dr r?GiAr,t)Vivir), (10 X %(5(r—r(t)—Ar(t)) : (19)

where G,(r,t) is the distinct part of the van Hove time Now expanding the above expression in the same way as
correlation function, defined byGi,(r,t)={d[r—r(t)]), done in Eq.(14) and neglecting terms contaning ()2 and
wherer (t) is the time dependent separation between the solkigher powers of fr), also taking into consideration the
ute and a solvent molecuf& Note that Eq.(10) is approxi- fact that the average velocity is zero, we arrive at the follow-
mate but sensible in the short time. If one now assumes thabg exact expression:
the initial decay of the correlation function is given by - .
CE.(t)=CE.(t=0)exg —(¥)?] then one obtains the fol- ~ C1AND="TVGalr.0). (20
lowing expression for the Gaussian relaxation time constantWe now define an effective forcds(r) as F(r)=ur(t),
" wherep is the reduced mass of the solute—solvent composite
B _HZCFF(t:O) (11) system and also use the equal®y,=(r,t=0)=gq,(r) to
F CE(t=0) ' rewrite Eq.(20) in the following form:

F(r)V gaar)

where (and hereaftgrthe symboldouble dotsignifies the élz(r,t=0)=— : _ 21)

double derivative of the function in question with respect to

time. This quantity is given by the following expression: In the next step, we need to calculate the forigér)

g o ) 5 acting on the solute particle. There are two alternative pro-
Cee(t) =(4mpkgT) X fo dr r°Gur,t)ViviaAr). (12)  cedures to obtain this force. First, one may approximate this
by taking the derivative of the Kirkwood'sotential of mean

We now derive an expression f@(r,t) which is valid at ~ force W(r) related tog(r) by®® W(r)=—kgT In g(r). This
short times. From the definition @(r,t), the expression is the form used by Skinner and co-workétddowever, this

for Gy5(r,t+At) can be written a3 is inaccurate in the very short time where force is determined
by the direct pair wise binary interactions. Consequently, the
Gaor,t+At)=(d[r—r(t+At)]) expression folF(r) is assumed to be given by
=(olr—r(t)—Ar(t)]). (13 F(r)=—V,u54r). (22
Expanding the aboveé-function with respect to powers of Note that at long times one should use the potential of mean
Ar, we obtain force to obtainF(r).
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In order to calculate the Gaussian time const@ﬂrom where we have already assumed that the binary part is
Eg. (11), we need the expression férEF(tzo), Following  Gaussian. The expression for the collective density fluctua-
the same procedure as outlined above, the following analytion part (C,,(t)) is obtained from the density functional
expression has been derived: theory and is given

CB_(t=0) (kgT)?p (=
i Colt1= 2 | “da Fel@F@0F@D. @
o \% r
:[4WPkBT]f drr? T9dD) V011 Vivgy(r). ; i
0 In order to calculateC,,(t) by using the above equation we

(23 use the same expressionsk(fq,t) andF>(q,t) as given by

We find that the time constants predicted by these two alter=dS:(3) and(4), respectivelyc,,(q) is obtained by using the
native method§from Egs.(8) and(11)] differ only by about WCA approximation, as before. _ _
10% from each other. While the first one is expected to be  1he above expression has a simple physical meaning.
more accurate, the second approach is far simpler and can g&e binary part arises from the relaxation due to the direct

used to obtain an estimate of the force—force time correlatioft€raction of two particles while the cage around the solute
function. (whose energy is being consideyeémains fixed. The sec-

ond term, on the other hand, involved the relaxation of the
C. Nonpolar solvation dynamics cage itself. , . . _ .
) ) . . We next derive a microscopic expression of the time
Extensive experimental studies on the time depender{onstant associated with the binary part of the solvation en-
progress of solvation of excited nonpolar solute in nonpolaggy, 8 we follow the same steps as followed in the cal-

. _79 .
solvent have bgensg%rformed In recent yg‘_zﬂg- various  cyation of the force—force time correlation function. The
theoretical studi€s®®’® have already explained many of expression for the time constant is given by

these experimental observations. In this section we try to
develop a theory which describes the time dependent solvent - ZCEE(t:O)
. B_
response at a very short time. The work presented here has "= \/ =8 ;,_~, (28)
! . Cee(t=0)
been motivated partly by the recent work of Skinner and
co-workers>® Our main concern here is the normalized sol-where
vation energy—energy time correlation functidgg(t)) of

the solute with the nonpolar interaction as the only source of CB (t=0)=4 de 2 2 29
energy. The expression f&p(t) is given by el )=4mp 0 F v Igdr), @9

Cee(t) and
Svp(t) = =—7=, 24
ve(D= 5 —1=0) (24) -
whereCgg(t) is the solvation energy time correlation func-  Cgg(t=0)= o f dr r?[vyr)1?V,g1ar) Vv o).
tion. If v1,(r) denotes the interaction energy between the 0
. (30)
solute and a solvent molecule, then the instantaneous energy
of the solute can be written as Note that the time zero limit of Eq26) gives the mean
square energy fluctuation of the nonpolar solvation energy.
Evson(t) =2 v1j(ry;(1)), (25)  This is an approximate expression. The exact expression
]

would involve three particlegs(r)) and higher order corre-
where the summation runs over all thesolvent molecules. lation functions, as discussed by Skinner and co-workers.

The calculation of the corresponding energy—energy timdlowever, the contribution of these higher order correlation
correlation function is rather complicated. An approximateterms can be absorbed in the collective density fluctuation
expression for this has been derived recently by Skinner anBart (C,,(t)) and hence, the=0 limit of Eq. (26) is ex-
co-workers® In the following we present an alternative ex- Pected to provide the mean square fluctuation of the non-
pression which we believe is, at least, equally valid. ThePolar solvation energy without any significant error.
treatment is entirely analytical and is accurate both at short ~We discuss the theoretical results obtained by using Egs.
and long times. The results obtained are quite similar td24), (26), and(27) in Sec. IIl.
those of Skinner and co-workets.

As in the calculation of the force—force time correlation
function we assume that the energy-energy time correlatiog viprational energy relaxation
function can be separated into the short time binary part and ) o
a long time collective part. The binary part relaxes on a faster /N order to clarify the similarity between VER and
time scale while the slow collective part which is coupled toNPSD, we shall consider a very simple system. We consider
the solvent density fluctuation, relaxes on a much longef diatomic solute molecule in a monatomic splvent interact-
time scale. Thus the expression of the energy time correldd through Lennard-Jones interaction. This is also the sys-

tion function is assumed to be given by tem considereq b){ Stratt and c.o-wo.rk%“rs.l?or vibrationgl .
B B2 energy relaxation in the low lying vibrational levels, it is
Cee(t)=Cge(t=0)exd — (t/7e)°]+ C,, (1), (26)  reasonable to assume that the vibration is harmonic. Under
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these conditions, it has been shown that the time constant of

1.0

vibrational energy relaxation can be given by the following
general Landau—Teller expressith:

D) 0.8

== (3

Ty M
where u is the reduced mass of the system comprising the o 0.6 k

. . bon . n B R
vibrating bond.grea,d(wo) is the frequency dependent bond & !
friction evaluated at the harmonic frequency of the bond. < t
Molecular dynamics simulation studies of Berseal %@ ¢ 0.4k \
have shown that in the free draining lintthat is, where the n = \'.‘\
cross correlations between the solvent forces on each atom o 4 \\
the diatomic is neglected 224 wp) =0.5X ea @o), Where 0.2 \
{rea W) is the friction experienced by one of the atoms of ’ L
the vibrating homonuclear diatomic. Here the frequency de- '\‘
pendent friction has been obtained from the mode coupling 0 \\)L \ ] :
: H 2,66

theory described elsewhere in more detar’ 0 o1 02 03 04 05 06
E. Weighted density of states of a liquid t/TSC

The weighted density of staté®/DOS) is directly re-  FIG. 1. A comparison between the binary and the collective components of
alated to the friction through the following express?@n' the nonpolar solvation energy time correlation functions. The normalized

’ nonpolar solvation energy time correlation functiBgp(t) is plotted as a
B2 coq wt) function of time,t for the solute—solvent size ratio 1. The solid line repre-
g(t):f dwpy(w) =, (32 sents the decay of the total non-polar solvation energy time correlation
0 w

function. This has been calculated by using B of the text. The small

. . . . dashed line shows the decay of the binary component and the long dashed
whergw is the Fourier frequency al.‘)ﬂ,\,(w) is the W?'ghted line the decay of the collective component of the t@gh(t). The solvent
density of states. Taking a Fourier transformation of theconsidered imrgonat T* =0.728 withp* =0.844. The mass of the solute is

above equation, it can be written as taken as that of an argon atom. Note that the time is scaled by the quantity

5= J(Mo2kgT). This is equal to 2.52710 12 s. For discussion, see the

2 text.
puw(w)= ; wzgrea(w)- (33

The most important quantity in the calculation of the VER .
. F L - h h |
and the WDOS is the real part of the frequency dependen ora Lennard-Jones system, the present theory gives a value

. . - "
total friction, Lrea @). We s_haII discuss the numerical results (ifol;gg_s;ﬁirstizeinbggge%rgit(x;ﬁﬁrg fef sul(t)ésgf S?(?r?;— er and
of Jreaf @) in the next section. co-workers?® However, this is still larger than the fastest
time scale observed experimentally by Jetoal?® The rea-
son for the discrepancy may be the following. Jeioal?®
A. Nonpolar solvation dynamics used a huge dye molecule which may lead to specific solute—
solvent interaction both in the ground and excited states.

_Here we present the numerical results on nonpolar solryig type of specific interaction is stronger than the usual
vation dynamics calculated by using E@4) in conjunction  ¢,te_solvent binary interaction. This, in turn, means the

with Egs. (26) and (27). In Fig. 1, we plot the normalized ,qyement of the solute particle in a much deeper potential
energy time correlation funscnonSNp(t) obtiuned for @ \yell created by the nearest-neighbor solvent molecules. This
Lennard-Jones system glo —0.844 and T*(=kgT/€)  \ oy certainly reduce the value for the binary time con-

=0.728 with 0=3.41A", m=40amu ande=12Kg. The  gan¢ This trend is shown in Table | where we have calcu-

IIl. NUMERICAL RESULTS

Gaussian time constant) obtained at this state point is
110 fs. In the same figure we have shown the decomposition

pf the total energy into the_ b'na_ry and the collective parts. ltrABLE 1. The time constant associated with the binary energy relaxation
is clear from the above figuréFig. 1) that the normalized (78) calculated at different solute—solveatatios. The time constants are

binary relaxation part accounts fer62% of the decay of the calculated by using Eq28). The solute—solvent size and mass ratios are
total nonpolar solvation energy time correlation function.taken as unity. The solvent is argon at 120 K.
The remaining part is carried by the collective density fluc- . e Bt
tuation. The domination of the binary part in nonpolar sol- solute’ “solvent 7e(®s)
vation dynamics indicates that the nearest-neighbor partici- 1 110
pation makes the solvation ultrafast is indeed true for the 2 99
nonpolar solvation dynamics. i Zg
We now comment on the time constant associated with 5 72
the binary part of the solvation energy correlation function
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TABLE Il. The vibrational energy relaxation rates calculated by using Eq.

(29). The system studied here is a homonuclear diatomic solute dissolved in 400
Lennard-Jones argon a*=1.05 and T*=2.5 with 0,=3.41A° and

ma,=39.5 amu. The atomic size and the atomic mass of the diatomic solute

are the same as those of an argon atom. For comparison, the INM results of

Strattet al. (Ref. 39 and the simulation results of Bere¢ al. [Ref. 60a)] 300
are also shown in the same table.

v(emY)  1T,—theoryps™?) 1/T,—simulationps™) 1/T;—INM(ps) ’TU))
£ 200
39.7 11.44 11.26 12.69 =
68.7 9.8 9.64 125 -
145.0 2.6 3.16 3.26 i
221.6 0.4 0.99 0.05

100

at size and mass ratios unity. The same trend has also been

. 81 . . 0 /'I \ L
found by Ohmineet al,®* although in a different context. 0 02 04 06 05 10

YT,

B. Vibrational energy relaxation

Next we discuss the numerical results on the vibrationaF!G. 3. A comparison between the binary and the collective components of

; the time dependent friction. The time dependent frictigi(t/ 7)) is plotted
energy relaxationVER). We present the calculated rate of as a function of time. The solid line denotes the decay of the total friction

the Yibrational energy relaxation in Table.”- T_he SySterTnWith time. The long dashed line represents the decay of the binary part of the
studied here is a homonuclear diatomic dissolved inotal friction and the small dashed line shows the decay of the collective part

Lennard-Jones argon at =1.05 andT* =2.5. The atomic of the total friction. Note that the friction plotted here is scaled as follows:

. . . * = 2 i i
mass and size of the diatomic solute are the same as those%\(” 7sd = §(t/75) X 7s/m wherem is the mass of a solvent particle. The
. solvent considered iargonat T* = 2.5 with p* =1.05. Note that the time is

an argon atom. The freque_ncy dependent_bond friction 1§ eq by the quantityr.—(mo%kaT). This is equal to 1.3636
calculated from mode coupling theory. In Fig. 2, we showy 1912,

the comparison between the calculated friction and that ob-
tained from the simulation studies of Stragbal5®® The
plot shows that there are some oscillations present in the
friction calculated from the mode coupling theory, which tained from INM analysis by Stratt al®® and those from
actually mars the otherwise good agreement. The results olthe simulation studies of Berret al®®® are also presented
in the same table. The comparison shows that at high fre-
quency the INM approach underestimates the rate of the vi-
brational energy relaxation.
In Fig. 3 we show the time dependence of this friction
for a Lennard-Jones system at the reduced dep3ityl.05
and reduced temperatufie’ =2.5. This binary part decays
on an extremely fast time scale and the decay is mostly over
by about 200 fs. The remaining contribution from the fre-
quency dependent friction comes from the slower collective
density and transverse current relaxations of the liquid. Note
that although the last two components can make significant
contribution to the total zero frequency frictidavhich is
related to the diffusion coefficientthey play no role in the
short time dynamics. Since the vibrational energy relaxation
of a molecule in a liquid couples only to the high frequency
response of the liquid, at this high temperatufie € 2.5)
and for all the densities studied here we find that the it is
primarily the binary part of the friction that contributes to the
vibrational energy relaxation. The differing time scales in-
volved in the time dependent friction is also shown in Fig. 3.
Qb v vt v = Thus, in order to obtain the solvent dependence of the
0 100 200 300 VER, we need to calculate the binary part as well as the
w/l27c (cm™ collective density part. It is clear from Eq®)—(12) that this
binary part is sensitive not only to the details of the interac-
FIG. 2-t fT:e Zz‘g Othr:‘:Cr;i' Eﬁ‘;‘d‘fﬂg‘%ﬁﬁgﬁ%eg ;?;f;' éﬂfﬁ“’;ﬁ; mge" tion potential between the vibrating solute and the surround-
;gealgismula?gld fri)(g.tion(dasheljj ling reported in Ref. 6() (Fig‘.) 6). The |n_g S_Olv_ent mOIe_CUIeSj but also to the_SO|Ute_SOI\_/ent ragllal
solvent considered isargon at T*=2.5 with p*=1.05. Note that distribution function. Since the expression for the binary fric-
Lloa= Greal2) - tion is reliable, we find that for Lennard-Jones system, the

100

80

60

40

(/2m¢) (107 kg s

!
real

C
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TABLE lIl. Solvent density dependence of vibrational energy relaxation injtial decay of the force—force time correlation function and
rates calculated at four different frequencies. The system studied here isgnergy_energy time correlation function. The application of

homonuclear diatomic solute dissolved in Lennard-Jones atomic solvent 3}1 : h b fl tivated by th d
T*=2.5. The diameter and the mass of an atom of the atomic liquid ar ese expressions have been partly motvated by the mode-

. . 55
taken to be the same as those of an argon atop=3.41A° and  coupling theory and partly by the work of Skinnetral > It
mx=39.5 ami. The size and the mass of an atom of the homonuclearis found that the vibrational energy relaxation is almost en-

diatomic solute are also the same as those of an argon atom. tirely dominated by the binary friction and is decoupled from
. the macroscopic friction. The nonpolar solvation dynamics

- VTaps ° has been found to be determined by the binary friction at th

SemY)  UTy(psY):p*—0.85  ATy(psY):p*—0.95 p*—105 as been found to be determined by the binary friction at the

initial times. The slow long time decay observed from the

39.7 7.53 9.45 1144 nonpolar solvation energy time correlation function still re-
68.7 6.19 8.16 0.8 ) ; .
145.0 1.94 24 26 mains slaved to the hydrodynamic motion of the solvent

221.6 0.283 0.365 04 molecules. It is further found that the time constant and the
decay of the initial nonpolar solvation energy time correla-
tion function is determined to a large extent by the strength
I . of the solute—solvent interaction. As shown in Table | that
vibrational energy relaxation depends also on the energy P3re Gaussian time constant of the initial decay can be easily
rametere. - in the order of 50-100 fs if the solute—solvent attractive
In Table Il we show_ the_solvent density) c_iepen- interaction (parametrized bye) is sufficiently large. This
dence of the rate of the vibrational energy relaxation at CONgeems to substantiate our earlier argument that the nonpolar

* —
ste}nt temperaturél* =2.5. We have calculated the rate py solvation dynamics can be responsible for the experimental
using the Eq(31) where the frequency dependent bond fric- observations of Joet al?® where 30%—-60% of the decay of

tion has been obtained from the mode coupling theory. Th?he total solvation energy correlation function has been car-

system is a homonuclear diatomic solute dissolved Mied out by an ultrafast component with a time constant less

Lennard-Jones argon where the mass of an atom of the dfﬁan 100 fs

lat:)rgli S?Ute (ljs_ﬁ:[hat ?ffan argon ato;n. Thhe(;esu!:s a}Ar\e tabu- We have found that the binary part seems to explain the
ated for four difierent frequencies at each censity. A COM- 40 of the vibrational energy relaxation, as shown in Table

pla ratllve studly t?]nlophg th(:e density (Izlepetncli_ent |VER_thr ateﬁ. Here we have assumed that the bond between the atoms of
clearly reveals thal the ratacreasesaimost inearly wi the homonuclear diatomic is rigid and there is no coupling
density at all frequencies. The enhancement of the VER ratSetween the translational and rotational motions

W.ith density can be explained from. the _binary in.te.ract_ion We have also investigated that how far one can generate
picture. The frequency of the effective binary collision in- he density of states from the binary part. The general fea-

f_reases Ias ]Er:ﬁ ddensny Tc;}:ea;;es. Jhls’ Idn tltjrl?', redl;(_:etg t es of the weighted density of states are in agreement with
Ime scale ot Ine decay of the ime dependent binary rictioy, o \\iv results of Stratt and co-workets.

leading to a more rapid energy transfer from one vibrationa In the previous theories of non-polar solvation

state to the other which gives rise to an overall increase "Ejynamicé“'% the binary part was completely ignored. This
the VER rate. However, we would like to mention here thatled to the conclusion that the initial part of the nonpolar

W'tth'g _th(tahl_lmltedkrangcs %fttﬁ n:perature and dglrllzsgy InVes'"'solvation energy time correlation function decays with a time
gated in this work, we find that an approximat €PEN-  onstant of 150—200 fs. It is shown in this work that the

Segce_ of the V|bratt|oq?tl1 (ter?ergy Ir_elaxatllillt?. Jﬂ?s appeaés binary part can lead to the initial decay with Gaussian time
0 D€ In agreement wi € earlier work o Jeviewe constant,7g~50fs. This is in agreement with the INM

elegantly by Oxtoby? analysis of Stratt and co-workéré* and simulation results
of Skinner and co-worker¥.
Lastly, the fair agreement obtained between the theoret-
The weighted density of states is also calculated fronmical and the simulated rates of VER suggest that the mode
the frequency dependent friction using the relation given incoupling theoretic approach to short time dynamics is reli-
Eq. (31). Doing this we obtain the correct behavior of the able. In a future publication, we shall present a more detailed
weighted density of states when compaired with the resulténvestigation of the temperature and the solvent density de-
of Strattet al®® pendence of the vibrational energy relaxation rate.

C. Weighted density of states

IV. CONCLUSION
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