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Experimental studies have demonstrated that the vibrational dephasing of overtones do not always
follow the quadratic quantum numbén) dependence predicted by the Kubo—Oxtoby theory of
vibrational line shapes. While the reason for this failure of the theory is not quite clear yet, a recent
theory suggested that the pronounced Gaussian time dependence of the frequency-modulation
time-correlation function(tcf) could be a possible reas¢fayathriet al, J. Chem. Phys.107,

10381 (1997]. The theoretical study was based on a mode coupling theory calculation of the
force—force time-correlation function that is required in the calculation of the frequency-modulation
tcf. In order to test this and other predictions of the above study, detailed computer simulations of
two neat liquids have been carried out. The systems studied are N—N stretch in ligaitdNhe

C—I stretch in CHL. It is found that although the frequency-modulation time-correlation function is
largely Gaussian in both the cases, the overtone dephasing remains largely quadrdtic Ny .

For methyl iodide, on the other hand, a pronounced sub-quadrdgpendence has been observed.
Both the theory and the computer simulations suggest that this honquadratic dependence can be
expected when not only the decay of the frequency time-correlation function is Gaussian but the
time scale of decay of the frequency-modulation tcf is comparable to that of the normal coordinate.
The latter can happen when the following conditions are satisfied. First, the frequency of the normal
mode should not be too large. Second, the mean-square fluctuation of the frequency-modulation and
the anharmonicity coefficient of vibration should be large. It is found that both fard CHyl, the
resonant energy transfer between different molecules is significant. The effect of rotational—
vibrational coupling, on the other hand, is found to be negligible for the systems studietio9®
American Institute of Physic§S0021-960609)52601-9

I. INTRODUCTION ing linear for large quantum numbers. The best known ex-
ample is the overtone dephasing of the C—I stretch of methyl
A great advantage of studying vibrational relaxationjodide in hexané. More recently, seventh order nonlinear
(VR) is that it allows us to probe directly the dynamics of astudies by Tominaga and Yoshihara clearly demonstrated
chemical bond, its properties, and motidn&in the past, the  this sub-quadratic dependence for the C—H stretch of GHCI
study of vibrational phase relaxation has been carried outoth in neat liquid and in a mixture of CHgCAnd CDC}.8 A
using mostly Raman and infrargtR) line shape analyses. similar sub-quadratiot dependence has also been observed
While these studies provide valuable information about thefor dephasing of the hot bands of=®l~ in normal and
interaction of a chemical bond with the surrounding solventdeuterated waterWhile the sub-quadratic quantum number
many guestions remained unanswered because the frequerdypendence has actually been known for a long time, it is
domain measurements often tend to mask the details of thenly recently that systematic studies of this aspect have been
dynamics. Recently, several nonlinear optical techniquesindertaken.
have been developed which also probe the vibrational mo- In a recent articlé® we used the mode coupling theory
tion directly in the time domain, thanks to the developmentso calculate the time-dependent friction on the atoms of the
in the ultrashort laser spectroscopy. One can now ask angbrating diatom. The mode coupling theory is known to
hope to answer some of the outstanding issues in this fieldprovide accurate description of the time dependence of
In this article we are concerned with one such ill- friction—both in the short and in the long tim&s!? The
understood problem of vibrational dephasing in liquids. It isresults of this theory were somewhat surprising. A clear sub-
long known that the overtone dephasing rates do not alwayguadratic quantum number dependence was found for the
exhibit the quadratic quantum numbe¢n) dependence pre- C-I stretch of methyl iodide. Moreover, the theory showed
dicted by the classical Kubo—Oxtoby thedrynstead, one that this sub-quadratic dependence was primarily due to the
sometimes finds a weaker dependence which is closer to b&aussian nature of the decay of the normal coordif@e
time correlation function(tcf), (Q(0)Q(t)), the latter of
dalso at; Jawaharlal Nehru Centre for Advanced Scientific ResearchCOUIS€ originates from a strongly Gaussian decay of the fre-
Jakkur, Bangalore. Electronic mail: bbagchi@sscu.iisc.ernet.in quency (w) modulation tcf,(Aw(t)Aw(0)). Note that the

0021-9606/99/110(1)/539/12/$15.00 539 © 1999 American Institute of Physics

Downloaded 17 Aug 2002 to 144.16.64.4. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp


https://core.ac.uk/display/291496675?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

540 J. Chem. Phys., Vol. 110, No. 1, 1 January 1999 N. Gayathri and B. Bagchi

Kubo—Oxtoby theorjusually assumes an exponential decayreasonably large time stepSHowever, this still involves
of the frequency time-correlation function. This latter as-extensive computation. To avoid this problem, a quantum-
sumption always leads to the quadratic quantum number denechanical perturbation theory, for the vibrational motion,
pendence. has been used often to express the dephasing rate in terms of
The theory further suggested that sub-quadmatiepen-  auto- and cross-correlation functions of bond-force terms and
dence can emerge only if the vibrational phase relaxation aniis derivatives. Since these are estimated at the equilibrium
the frequency-modulation time-correlation function both de-bond length, they may be obtained from simulations of clas-
cay on the same time scale. This could happen when thsical, nonvibrating molecules. This feature allows the calcu-
following conditions are satisfied. First, the harmonic fre-lation to be carried out and also gives rise to a tremendous
guency () of the mode in question should not be too large.computational saving. Such a calculation, via MD simula-
The mean-square fluctuation of the frequency-modulatiorions was first carried out by Oxtoby, Levesque, and Weiss
(Awg) should be large. Lastly, the anharmoniciti{,() to study dephasing in nitrogen near its boiling paiBtP)).
should be significant. Thus, the prediction of the Kubo—Oxtoby based theory
In order to test the theoretical predictions, we have caron sub-quadratic quantum number dependence can be easily
ried out extensive molecular-dynamic MD simulations of vi- verified using rigid-molecule simulations, if one chooses two
brational dephasing and the results are reported here. Thesgstems with widely different behavior. Therefore, simula-
simulations also have several advantages over direct expetion studies on two systems—MNand CHjl—were carried
mental observations. They allow one to probe and answewsut. While CHl was an obvious choice for the study, Was
guestions which are not directly accessible to experiment. Bgtudied because of the following reasons.
simply varying the parameters of the simulation, one can 1. To benchmark the results against earlier simulations
study the effect of various contributions to the overall lineof the liquid N, system near its boiling point by Oxtoby,
shape. Such level of detail is impossible to obtain in experiLevesque, and Weisg Also, they had studied the dephasing
ments on real liquids. There are also several other reasons fof only the fundamental.
undertaking such a simulation study. They are listed below. 2. Vibrational frequency of N-N2326 cm'%) is much
1. In the theoretical investigation of vibrational dephas-larger than that of C—(525 cmb).
ing, the mode coupling theory was used to calculate the time- 3. The fundamental vibrational dephasing of N—N in N
dependent friction{F(t)F(0)), on the atoms of the vibrat- is much slowef=150 ps near boiling point* in comparison
ing diatom. This was done to obtain the friction on the bondto that of C—I in CHI (2.3 p3.’
in terms of the friction on the atoms involved in the diatom. 4. The overtone dephasing of N—N is believed to follow
This is an approximation. The friction on the bond can bea quadratic dependence because of an exponential relaxation

straightforwardly obtained using simulations. of the normal-coordinate t&f* while CHgl is known to give
2. Other dephasing mechanisms, such as resonance aise to a sub-quadratic behavior.
ergy transfe(RT) and vibrational—rotationaVR) contribu- The results of the simulations for liquid,Mear B.P. are

tions, which can be substantial, are usually neglected in thas follows. It is found that the frequency-modulation time
theoretical studies. These are difficult to model theoreticallycorrelation is indeed largely a Gaussian function of time. The
but can be included in a simulation. dephasing in nitrogen, however, shows largeladratic n

3. Mode-coupling theoryMCT) is a microscopic theory dependence for smaller quantum numbers, eventually be-
for determining the time-dependent friction. However, in or-coming linear for large quantum numbers. The quadnatic
der to apply this theory, both the solute and solvent mol-dependence is because of the clear separation of time scales
ecules are assumed to be Lennard-Jos@seres For ex-  of the frequency-modulation and the normal-coordinate cor-
ample, in the case of CHH friction was obtained using MCT relation functions.
for CH; in CHsl Lennard-Jones spheres and lodine insCH The results of the simulations for methyl iodide are as
Lennard-Jones spheres. Such approximations can be avoiddlows. Many of the predictions of the mode coupling based
in simulations where real shape of the molecules can be irntheory for CHI are found to be correct. It is found, as from
cluded. MCT, that the frequency-modulation time correlation is in-

However, a direct simulation of vibrating molecules is deed largely a Gaussian function of time. Also, the overtone
extremely difficult. It is possible but would have two major dephasing rates show subquadratidependence even for
problems as pointed out by Oxtotey al:3* For very high-  small quantum numbergike, n=2 andn=3). The reasons
frequency vibrations of 1000-3000 ¢t the vibrational that contribute to such a behavior are the following. The
motion is much faster than the other degrees of freedom sudnequency of the C—I normal mod@&25 cm'?) is not too
as the translational and rotational motions. The quantumlarge, the anharmonicity coefficient of vibration is quite large
mechanical nature of such high-frequency vibrational motiorand, CHJ being a highly dense liquid, the mean-square fluc-
would have to be neglected, and rapid vibrational motiontuation of the frequency modulation also tends to be large. It
would require a much shorter time step of integration, leadis also found that the resonant energy transfer between dif-
ing to poor statistics. The latter problem may, however, beerent molecules is quite significant in GIH The effect of
avoided with the use of recently developed reversible referrotational—vibrational coupling, on the other hand, is found
ence system propagator algorithRESPA or numerical to be negligible.
analytical propagator algorithfNAPA) which are specifi- The organization of the rest of the paper is as follows. In
cally used for simulating high-frequency vibrations but with the next section, we briefly discuss the theoretical formalism
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of the Kubo—Oxtoby theory and a little of the mode coupling oV

theory to explain the origin of the Gaussian time dependence 7iAwno(t)= (an—QOO)(E) (t)

of the force—force time-correlation function. In Sec. lll, we Q=0

discuss the systems and simulation details. In Sec. IV, we 1 ) 5 2V
discuss simulation results and overtone vibrational dephasing +5 ((Q)an~ (Q)00)<%> (t)
behavior in N. Section V concludes briefly. Q=0

+Q50 2 ( a ) (t)+ 4
& 10QiaQ;) oy '
Il. THEORETICAL DISCUSSION: INCLUSION OF ) ) ]
RESONANCE ENERGY TRANSFER AND In the estimation oA w,¢(t), only the first three terms were
VIBRATIONAL—-ROTATIONAL CONTRIBUTIONS considered neglecting the higher order terms. The third term

accounts for the resonance-energy transfer contribution. This
The broadened isotropic Raman line shape forrtie  \yas omitted in the theoretical modeling. A useful method of
overtone] I ,o(w)] is the Fourier transform of the vibrational experimentally studying resonant transfer is by eliminating
normal coordinatg Q(t)] time-correlation function for the ts contribution via isotopic dilutiod® As pointed out earlier,
nth overtone given the first term is not zero for an anharmonic potential and
actually makes the maximum contribution to dephasing.
* . When anharmonicity is included, then one finds, using per-
I“O(w):fo expli wt){Q(1)Q(0))no- @ turbation theory, the following expressions for the matrix
elements of Eq(4):

The experimental observables are either the line shape nh(—f) n%
function, I (w) o, or the normal coordinate time-correlation Qn—Qoo=%5—= 73 (Q)ﬁn—(Q)goz—,
function, (Q(0)Q(t))no. as in the time domain experiments 2p" g Ko
of Tominaga and YoshihafaThe normal coordinate time A
correlation is related to frequency-modulation time-and Q32,=S4,
correlation function by

L 20wy’ 5
where only the lowest order term was retained in each case.
In the above,u is the reduced massy, is the vibrational
frequency andd,; is the Kronecker delta. So, E¢}) can be

(2)  written, for theith molecule, as

t
(Q(1)Q(0))no=Re expiiwnot)< EXF{ fodtlAwnO(t,)} > :

where wy is the frequency for the O ta transition of the hAw! o (t)= nﬁ(2—f3) Flo+ n Fh

isolated  molecule  and AAwqo(t) =V(t) = Voolt) " 2ufw’ 19 2ueg

+3;Vj;(t) is the fluctuation in energy between vibrational A )

levelsn and 0 wheren and O represent vibrational quantum +6n1 2y Fl, (6)
numbersV,, is the Hamiltonian matrix element of the cou- 2pwo 17

g”?/g of the vibratior;]al modgb to th? SOIVﬁnt bath while e re the meaning of the force terms and the equations can
jVij(t) represents the contribution from the resonant enyq oiained by comparing E66) with Eq. (4). Unless stated

ergy transfer between two moleculesand j. Aw(t)no IS, oy picitly, the superscript is not used in the frequency and
therefore, the instantaneous shift in the vibrational frequenq(he force terms in the subsequent discussions

due to interactions with the solvent molecules. One usually |\ hile the atom—atonfAA ) contributions are given by

perform_sacumulant expansion ‘?f E‘*a)'?s This Iead; toan Eq. (6), the vibration—rotation(VR) contribution to the
expression of the normal coordinate time-correlation func'broadening of the line shape is given®y

tion in terms of the frequency-modulation time-correlation

function? (Ao(1)Aw(0))noyr=(ARno /il ) 2({J%(1)3%(0))
The potential-energy part of the Hamiltonian for the nor- N

mal mode(Q) was assumed to be of the following anhar- =399, @)

monic form:

whereJ is the angular momentunh,, is the moment of in-
L o e ertia value at the equilibrium bond length,, and u is the
Hyip= 2 05Q°+5fQ”, (3 reduced mass\R,o=(Qnn— Qoo — 3(Q2,— Q3p)/2r, Where
(Qnn— Qoo and Q3,—Q3y) are the quantum-mechanical
whereu is the reduced massy is the vibrational frequency, expectation values of the bond length displacement and its
andf is the anharmonic force constant. Note tigain the  square corresponding to timth level given by Eq(5).
above equation is not in the mass-weighted form as used in We next neglect the cross correlation between the
the theoretical work. vibrational—rotational term{VR) and the atom—atomAA)
If V is the oscillator—medium interaction potential, thenforce terms, which allows the total frequency time-
using perturbation theory, one finds the following expressiorcorrelation function to be written as the sum of the respective
for the fluctuation in overtone frequency gapwo(t): %3 pure correlation terms as follows:
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(Ao(t)Aw(0))=(Aw(t)Aw(0))noan rise to a sub-quadratic dependence. Note that there could be
several other sources for the sub-quadratic quantum number
+{(Aw(t)Aw(0))novr- (8)  dependence; we shall address this issue later.
An important ingredient of Oxtoby’s wofkwas the de- In order to understand the time dependence of the nor-

composition of the force on the normal coordinate,mal coordinate time-correlation functiofQ(t)Q(0))no,
—(aVI19Q), in terms of the force on the atoms involved. One requires an accurate calculation of the force—force time-
Assuming that the forces on the different atoms of the dicorrelation function on the normal coordinate in the liquid.
atomic to be uncorrelated, that the resonance energy transfét an earlier work, such a calculation was carried out by
and vibrational—rotation contributions to be negligible andusing the mode-coupling theoryMCT).**** The mode-
that the area of contact of each atom with the solvent to be §oupling theory analysis showed that the pronounced Gauss-
half-sphere, Oxtoby derived the following expression for thelan decay of the force—force time-correlation function can

frequency time-correlation function as follos: indeed make the decay of the normal coordinate time-
) , ) correlation function for the overtone dephasifigvolving
(Awn(t)Awyy(0)) = n- D 3(—Kypplix ik quantum number 0 ang) also partly Gaussian. Thls Gauss-
no no 2 4 wam? 2wolm, ian nature of the normal coordinate time-correlation function
increases with the quantum numberbecause the rate of
X (Fi()Fi(0)), ©) decay increases withand shorter and shorter time scales are

wherelL is the characteristic potential range, is the mass Probed. For the C—I stretch of methyl iodide, the above fac-
of the atom, w, is the vibrational frequency,K,;; tors led to a pronounced sub-quadratic dependence of the
(=f/6u%2 where u is the diatomic reduced masis the dephasing rate on.
anharmonic force constant, is the characteristic length, A physical picture that emerged from the theoretical
and(F;(t)F;(0)) represents the force—force correlation func-study was that the Gaussian decay mechanism of the sub-
tion on the atomi moving along the direction of vibration. quadratic quantum number dependence can be effeatilye
Please note that the above equation does not include neithéithe time scales of decay of the frequency-modulation time-
resonant energy transfer or the vibrational—rotational contricorrelation function and the normal coordinate time-
bution to dephasing. It is quite difficult to model them theo- correlation function are comparahlé\s already mentioned,
retically but can béand has beerin a simulationt=34 this is possible when the harmonic frequency of the bond is
The presence of? in the above equation is the reason Not too large, the anharmonicity is significant and the mean-
why the vibrational overtone dephasing rate is usually assquare fluctuation is large.
sumed to exhibit the quadratit dependence. However, the Dephasing mechanisms can be homogeneaue to
observable isiot the frequency-modulation time-correlation rapid modulation effecjsor inhomogeneousgdue to slow
function, (A wne(0)Awno(t)), as is usually assumed, but ei- modulation effects Using the frequency-modulation tcf, one
ther I ,o(®) or (Q(t)Q(0)),o. The average relaxation time can also verify whether the dephasing mechanism is homo-
is, therefore not defined by integrating over the frequency geneous or inhomogeneous. This can be done as follows. Let
time-correlation function. Rather, it is defined by directly 7cn b€ the average frequency correlation decay time for the
integrating over théQ(t)Q(0)),, correlation function as in  nth overtone defined as
the following form:

) ren= | (Bona(t)20n0(0){ Aol 008 00(0)). (13
7'un:f dt<Q(t)Q(0)>nO- (10) 0

0
If the frequency fluctuations are weak enough agdhort

The overtone linewidth is inversely proportional to the enough such that
dephasing time 7,,,>*® which in turn is related to
(Q()Q(0))o as in the above equation. When  (Awhy(0))Y?re,<1, (14
{(Q(t)Q(0)) o is biphasic, the sub-quadratic dependence ca
arise out of a combination of the Gaussian and exponenti
relaxation behaviors as explained below. When the decay

n|1en the Raman spectrum can be said to be homogeneously
roadened or in the motional narrowing limit. On the other

(Q(t)Q(0)) o is fully exponential as in the following form: and, if
(Q(1)Q(0))no=exXp(—n?t/7), (19 (Awpe(0))Y2rey>1, (15)
then the relaxation time obtained using EtQ) gives a qua- the spectrum is inhomogeneously broadened.
dratic dependence of the dephasing rateno®n the other If a Raman spectrum is homogeneously broadened,
hand, when the decay ¢Q(t)Q(0))o is fully Gaussian as (A wno(t)Awne(0)) can be calculated by averaging over all
in the following expression: molecules:® On the other hand, if the spectrum is inhomo-
geneously broadened, selective averaging of

— 2+2y,.2
(QIQ(0))no=exp(— 7t/ %), (12 (Awno(t)Awno(0)) would be carried out over those mol-
the relaxation time obtained using E@.0) gives alinear  ecules for whichwy+ w;(0) lies close to a given frequency
dependence of the dephasing rate ronFrom our earlier .2 In the case of liquid B, Eq. (14) is valid, so that the
work,'° microscopic calculations show the®(t)Q(0))o is  added complications of inhomogeneous broadening need not
indeed partly Gaussian and partly exponential and so givelse considered.
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In the homogeneous limit, the average dephasing timevherer,j, (Or ri,j,) is the distance betweeath atom on
for the nth overtone is usually defined using the frequency-moleculei andbth atom on moleculg.

modulation tcf @) as While N, is a homonuclear diatomic, GHis treated as
" a heteronuclear diatom with a bond betweens;Qideudoa-
[Tﬁn]_lzf dt(Awno(t) Awno(0)). (16) tom and | atom. The Lennard-Jon@s)) parameters for the

0 CH; system were taken as'kg=146.6 K ando=3.85 A

However, as argued earlier, the dephasing time is given b§nd, for the | system ag’kg=400 K ando=4 A.° The scal-

integrating the normal-coordinate t¢Q(t)Q(0)) and not NG parameters used in the simulation for Lldre the LJ
(Awno(t) Awno(0)). parameters of CH, e/kg=467 K ando=4.6 A'° The re-

duced atomic densitpo® (or p*) for CHgl is 0.918 at a
temperature of 303 K!° The intermolecular potential is
lll. SYSTEMS AND SIMULATION DETAILS given by Eq.(17). ,
Starting from an initial face-centered-cukifcc) lattice
A microcanonical(N,V,E) molecular-dynamics simula- configuration, the system was allowed to equilibrate for
tion of a system of 256 rigid Ndiatomic molecules was 60 000 time steps. The unit of time, is \(ma?/€) with m
carried out using the leap-frog algorithh!® As mentioned  the mass of the molecule.s calculated to be equal to 3.147
earlier, a quantum-mechanical perturbation theory for the vips for the N system and 2.782 ps for the Gltsystem. The
brational motion(Q) has been used here and thereby ex-ntegration step was 0.0004 This sampling time interval
pressed the dephasing rate in terms of auto- and crossras chosen after a few preliminary test runs. A cutoff of
correlation functions oF 1o, F,o, andF3q . Since these are  3.20- was used in evaluating the forces.
estimated atQ=0 [Eg. (4)], they may be obtained from
simulations of rigid molecules.
For the intermolecular potential-energy;() between
two moleculed andj, the following site—site Lennard-Jones The pair-correlation functions for the nuclei of the dia-

IV. RESULTS AND DISCUSSION

type was employed: tom, [which are,gya andgys in the case of i, gy (1) and
1,2 g, in the case of CHl], together with the pair correlation for
V| => V(Tiajp), (17)  their respective molecular centdigy, (1) andgcn,(r)], are
a,b

shown in Fig. 1. In both Bland CHl, all the pair-correlation
where V(r,j,) is the Lennard-Jones atom—atom potentialfunctions are effectively unity at distances beycrd.0, in-

with dicating a virtually uniform distribution. This is probably
12 6 sufficient to justify the cutoff we have imposed at 3.ih
Viajp=4€iajp (M) _(M) } (18  evaluating the forces. The pair-correlation functions are
Fiajb Fiajb strongly correlated till, approximately; =2.25, in both the

wherer i, (OF rigjp) is the distance betweesth atom on ~ Cases. This probably implies that the nuclei pair-correlation
moleculei andbth atom on molecul§ €, is the Lennard- functions are less sensitive to correlations of orientation
Jones well-depth potential and,,;, is the Lennard-Jones around and beyond these separations. In the case gf aH
diameter. For dissimilaa and b atoms, e;,;, and oy, are  distinct “shoulder” region appears in the region .0
estimated from those of the similar spheres through the conmi= 1.4. This shoulder might be due to orientations where two

bining rule €ijp = \€az€np AN Tiajp = (Taa+ Tpp)/2.1° nearest-neighbor diatoms lie perpendicular to each other in a
For the above potential form, the quantitilé%o, Fizoy T configuration resulting in higher density distributions

andFy, are to be calculated for thiégh molecule in order to around the r_nolecul@: This feature is not observed in the
obtain the atom—atom contribution to the frequency-Par Q|str|but|on function of M. This could _be due to the_ less
modulation value as described in E@). The steps involved density of N than CHl. However, formation of T configu-
are described in the Appendix ration for liquid N, in restricted systems like Non graphite
" 0 . . .

In the NVE sinulations, the system of 256 rigid diatomic surfacé® and in confined systems like;Nn carbon nano-
was enclosed in a cubic box and periodic boundary condituP€s have been reported earfier. _ .
tions were used. The thermodynamic state of the system cor- 1he dynamic friction or the force time-correlation func-
responds to a density gi* = po® and a temperature af*  tion, Ce(t), is defined by the following:
=kBT/e_v_vherek_B is the Boltzmann constant. For liquid,N (F(1).F(0))
near boiling point, the thermodynamic state of the system Cg(t)= (F(0).F(0)" (20
corresponds to a density pf =0.629 65 and a temperature '
of T*=2.03 for e/ky=37.3K ando=3.31 A. This state WhereF is the force on the molecular center-of-mass, respec-
point is also the one chosen by Oxtoktal. for their simu-  tively. One of the typical characteristics of dense liquids is
lation study. As N is a homonuclear diatomic, the atom— thatCe(t) exhibits a minimum which is often negative. This
atom interaction potential between thiy atom ofith andjth  is due to the rebound of the molecule in question against the
atom of the N molecule is given as follows: cage formed by its nearest neigbéfsa phenomenon re-

ferred to as the cage effect. Since Lkt a highly dense
o 12 o 6

(riajb) —(riajb>

(19 liquid and N is also rather dense near its boiling point, the
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p = 0.62085, T =2.03 cm ! for the first overtone. The experimentally reported
' ' ' ' value of the shift is—1.7 cm 1. The prediction of the
wrong sign for the gas-to-solution frequency shift could be
due to the neglect of changes in bond polarizability upon
vibrational excitatior:** The frequency-modulation tcf for
the first overtong (A w,(t)Aw,(0))] obtained with the in-
clusion of all the four dephasing mechanisms is as shown in
Fig. 3(a). The decay behavior is found to be strongly Gauss-
ian. On the other handQ(t)Q(0))4c is predominantly ex-
ponential[Fig. 3(b)]. This is primarily because the mean-
square fluctuation value is not very large. This leads to a
: wide separation of time scales between the frequency-
. % choH modulation and the normal-coordinate correlation functions.
P The root-mean-square value of the frequency modulation
.5k * cH-cHy | | (Aw1o(0)Aw;(0))2was calculated to be equal to 1.4 ¢n
and the frequency-modulation correlation timg, to be
0.127 ps which are quite close to the values reported in Refs.
3 and 4. SincéA w,¢(0)?)Y?r,;=0.03%1, the system is in
the homogeneous limit.
35 As Eq. (16) is valid in the homogeneous limit, the
r dephasing time for the first overton€, is calculated to be
FIG. 1. () The simulated pair-correlation functions for the nuclgiand N, ~ 95+5 ps. However, use of EG10) gives a longer dephasing
of Ny, gy, andgy,, and for its molecular centegy,. (b) The simulated  time of around 11610 ps. The experimental value reported
pair-correlation functions for the nuclei Gtand lodine of CH), g, and is 150+15 ps_12 The obtained dephasing times for the first
g,, and for its molecular centegCHsl. The distribution functions show  gyertone is Compared with the earlier theoretical, simulation,
Qistingt “shoyldgr” regions that could arise from formation of T configura- 5,4 experimental observations in Table II.
tions in the liquid state. . . .
Overtone studies show that the Gaussian component in
(Q(1)Q(0)),o becomes increasingly prominent in the initial
reflect the rebound effect, although the effect should bdime scale as increasegFig. 3b)]. For N, near B.P., this
larger for CHJI. The force time-correlation functions shown becomes significant, though not dominant, only with higher
in Figs. 2a) and 2b) for N, and CHyl, respectively, clearly ~energy levelsaroundn>7). Therefore, only limited sub-

25

a(n)

0 0.5

g(r)

0 05

show the cage effect in both the systems. quadratic dependence was observed at higher quantum levels
A criterion of rebound may be given by the following as shown in Fig. 5.
equation?® The contributions to the dephasing from the four differ-
(F2>1/27'F(0) ent me::r;anil??ﬁ(g, IItZZQ, F3$], and_ V_ll_? g\:ertlauc?!ﬁulated )
F:W' (21)  separately. The results are shown in Table Ill. The results

show the importance of anharmoniciiyr F,) in the vibra-
where(F?) is the mean-squared force acting on a moleculdional dephasing of N-N. This is because of the large anhar-
in the liquid, 7=(0) is the first time whichCg(t) passes Mmonity value associated with the N—N vibration.
through zerom is the mass of a molecul&g is the Boltz- The treatment of N—N vibration as harmoriice., con-
mann constant, antlis the absolute temperature. The largersideration of onlyF,q term) gives a dephasing time longer
therg, more significant is the degree of reboungd.is cal- by a factor of 30. Oxtobyet al. have reported a similar
culated to be equal to 0.97 and 0.84 foy Bind CH, re- observatior’. The isolated binary collision model for
spectively. dephasing of harmonic oscillators in liquids developed by
The simulated force-correlation profilg& (t)F(0)) vs  Fischer and Laubereau predicts a factor of 20 for>Nr'he
t plots] of the nuclei for the two systenishown in Figs. 29) calculation with only the resonant—trans{&T) contribution
and 2b)] show characteristics rather similar to those ob-(F3g) was found to give a dephasing time much slower
tained from MCT for CHI.1%12|n both the cases, the friction (Table Ill) than that due to the harmonic term. The
on the atom shows strong bimodal responsea Gaussian Vibration—rotation contribution, on the other hand, was found
behavior in the initial time followed by a slowly relaxing to be substantial. Brueck, using a generalized rotational
decay. In addition, the time scales of the decays are also idiffusion model, had shown that the VR coupling can con-
good agreement with those obtained from theory forICH  tribute significantly to the isotropic linewidth in liquid nitro-
gen.
By selective inclusion of the individual contributions of
As mentioned earlier, the frequency-modulation valuethe various mechanisms, their cross-correlation effects were
[Aw(t)] can be directly obtained from simulations using Eq.also studied. These results are also shown in Table Ill. The
(6). The required parameters are shown in Table I. The avadditional dephasing mechanism might increase or decrease
erage of the frequency-modulation val{few) gives the Ra- the dephasing time because the sign of its contribution is
man line shift. This shift is found to be equal to £0.1  determined by the cross-correlation terms. As mentioned ear-

A. Vibrational dephasing in nitrogen
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(a) liquid N, : p’ = 0.62965, T = 2.03

1 9% T T T T T T T T T

<F()F(0)>/<F(0)F(0)>

_05 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
t(ps)
(b) GHyl :p = 0919, T =0.64882
1 . T T T T T T T T T
0.8 i
x X CH3
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& 06 1
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e + 3
& 04f
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FIG. 2. () MD simulated normalized force correlation functions for the nucleaNd N, of N, and for its molecular center of magSOM), clearly exhibiting

a fastly relaxing component in the initial time scale. The decay shows a minimum indicating cage éffebt®. simulated normalized force correlation
functions of the pseudoatoms CH-3 and lodine of;Céhd for the center-of-mass of GH The decay profiles clearly show a Gaussian component in the
initial time scale followed by a slower damped oscillatory behavior and exhibit cage effects.

lier, the inclusion of anharmonicity decreases the dephasingibrational—rotation contribution was includet], was found
time. to decrease from 1264 ps to 11@5 ps. Note that Oxtoby
Similarly, the vibrational—rotational contribution is also et al* found 7, to increase when VR was included. This,

found to decrease the dephasing time by 5%—-10%. When théey had reported, was due to the frequency-modulation cor-
relation decay becoming more rapid with the inclusion of
vibrational—rotation contributions. No such decrease in the

TABLE I. Values _of the parameters for the N—N stretching in liquiglaxd frequency-modulation correlation time was observed.

the CH~1 stretehing in liquid-CH. As mentioned earlier, the RT contribution was found to

wo —f re be negligible as its inclusion did not change the dephasing

System cmt 10 g/em € 108 cm time. This is against the observation of a considerable in-

N, 2326 178 1.09 crease in the overall dephasing gme with the inclusion of the
CHjl 525 1.08 214 RT term reported by OXtOb?t al:

Note here that the contributions from the resonant en-
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(@N,: p =062965 T =2.03

1 T T T T T T

0 0.1 0.2 0.3 0.4 0.5 0.6
t(ps)

25 1 1 1 { |
0 20 40 60 80 100 120

t(ps)
FIG. 3. (a) MD simulated normalized frequency-modulation time-correlation function for the first quantum level.iThi¢ plot shows a clear Gaussian
component in the initial time scale followed by a slower dechy Plot of In (Q(t)Q(0)) vst for N, for quantum levelsi=1, 4, and 7. The results clearly
show largely exponential behavior in the initial time scale even for higher quantum numbetsandn=7. The relaxation time scale is widely separated

from that of (A w;(0)Aw;¢(0)) relaxation leading to a largely quadratic quantum number dependence of the dephasing rate. The inset shows the increasing
Gaussian component present in the short time scaleiasreases.

ergy transfer and vibrational—rotation being relatively smallconsidering that this has been obtained for a highly dense
in comparison to that due to anharmonicity, the determinatiquid like CHl, it seemed quite reasonable to proceed with
tion of the extent of their role in the dephasing mechanism ishe homogeneity assumption.

quite likely to be sensitive to the simulation errors. The frequency-modulation tcf for the first overtone
[{(Awyo(t)Aw4¢(0))] obtained with the inclusion of all the
B. Vibrational dephasing in methyl iodide four dephasing mechanisms is as shown in Fi@).4The

The frequency modulation valud\wo(t)] was di- decay beha\{ior is found to be strgngly Gau.ssia}n.
rectly estimated using Eq4). The required parameters are (Q(1)Q(0))10 is also found to be substantially Gaussian in

shown in Table I. From the time and ensemble averaging ofhe initial time scale. The dephasing time for the one level of
Awyo(t), the Raman line shif{wyy) is calculated to be C-I stretching mode of CHl was then calculated to be 3.2
around 9.7 cm' for CHsl. Also, (Aw;(0)Aw;0))2is  £0.4 ps, using{Aw;o(t)Aw;(0)) [Eq. (16)] and a longer
calculated to be equal to 8.8 c¢thand 7,;=0.09 ps. This dephasing time of around 3.42.3 ps usingQ(t)Q(0))1o
leads to(Aw;(0)%)Y2 7., value of 0.167. This value is [EQ.(10)]. A comparison of this result with the earlier theo-
probably not sufficiently small to fully justify the treatment retical and experimental observations is shown in Table II.
of a system as in the motional narrowing limit. Nevertheless;The overtone dephasing in the case of,Cld much faster

TABLE Il. Comparison of the dephasing times obtained using simulations from this study with that of earlier
simulations(Ref. 3), the mode-coupling theor§Ref. 10, hydrodynamic theoryRef. 2 and experimentRefs.
7 and 12 for the first overtone of the N—N stretching in liquid-ldnd the CH-I stretching in liquid-CHI.

Ty (SiM) 7,4 [sim., (Ref. 3] 7, (MCT) 7, (HT) 7,1 (exph
System  p* T ps ps ps ps ps
N, 0.629 65 2.03 11810 125+10 (Ref. 3 121 (Ref. 2 150+15 (Ref. 12
CHs—I 0918 0.65 3.420.3 2.6:10 1.2(Ref. 2 2.3
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TABLE lIl. Contributions to dephasing from the four mechanistis{,  was, therefore, found to exhibit substantial sub-quadratic
Faq. Faq. and VR obtained from simulations for the first overtone of the guantum number dependence even for lower guantum levels
N—N stretching in liquid-N; both auto and cross correlations are given. . . . .
as shown in Fig. 5. These observations are similar to the
Terms (A2ON® (pshy 14 (b9 7% (P9 experimental observations that have been reported for the
C-I stretching of CHl in hexan& and C-D stretching of

Fio 0.211 0.13 172 . 2 g
Fao 0.050 0123 3215 CDsl in neat _I|qU|d. o _ _
Fao 0.077 0.189 14 840 As described earlier in the theoretical analysis, the sub-
VR 0.099 0.312 321 quadraticn dependence clearly arises from the Gaussian
Elo“;zo . 8-;23 8-38 1;: component of Q(t)Q(0))4, [shown in Fig. 4b)] in the ini-

1Q+ ZQ+ 30 . ) . . A . . . .
Frot Faot Fagt VR 0.203 0.127 92 tial time scale which increases with increase in the quantum

numbern, which strongly reflects the presence of the Gauss-
ian component, as in the frequency modulation tcf. This is
responsible for the nearly lineardependence in the higher
than in the case of Nprimarily because the mean-square levels in the case of Cil because of dominant Gaussian
fluctuation value{Aw,(0)?) is quite large due to the not behavior.
very high vibrational frequencyefy=525 cm 1). The contributions to the dephasing from the four differ-
Note that there is a considerable overlap of time scalegnt mechanism& 5, F,q, F3q, and VR were calculated
between the frequency-modulation and the normalseparately. The results are shown in Table IV. The results
coordinate time-correlation functions. This is in contrast toshow the importance of anharmonicityr F ;) in the vibra-
the widely separated time scales observed in the caseg .of Ntional dephasing of CH-I. However, unlike in N, the har-
The overall dephasing behavior for the GHi stretching  monic term E,0) contribution is also substantial.

CHgl:p =0.919,T = 0.65

1 T T T T T T
(@
0.8 i
A
S
(=)
8'-0.6 = -
<
5
g 04r e
<
Y
0.2 ]
0 1 1 1 PE—|
0 0.1 0.2 0.3 0.4 05 06

t(ps)

t(ps)

FIG. 4. (a) MD simulated frequency-modulation time-correlation function for,CH he plot shows a clear Gaussian component in the initial time scale
followed by a slower decayb) Plot of In{Q(t)Q(0)) vst for CHgl for the first three quantum levels. The results show strong Gaussian behavior in the initial
time scale leading to a sub-quadratic quantum number dependence. The relaxation time scale is comparable withaf@0ph w,(0)).
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Overtone Dephasing Time Ratios
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FIG. 5. Plots of ratios of vibrational dephasing times,(/ 7,1) is plotted as a function of the quantum numimefor N—N stretching in N and CH-I
stretching in neat-CHl. The results show close to a quadratidependence for Nand a highly sub-quadratic dependence for;ICH

In the case of CHl, the resonance energy trans{&T) dense liquid. The dephasing time related to VR contribution
contribution was found to be quite substantial. RT leads to avas found to be very slowTable V).
decrease in the overall dephasing time from 4.7 to 3.42 ps.
The RT contributions calculated from three different simula-yv. CONCLUSION
tion runs were found to be about 25%-35% of the total
contribution. It is probably so for any highly dense liquid, X o ;
such as CH, as the molecules are very close and the atom-termine the origin of the subquadratic quantum number de-
atom interactions are strong in such a case. Isotopic dilutioR€ndence of the vibrational dephasing rate. As mentioned
studies in other systems have shown that the effect of resc?—arl'er' such subquadratic quantum number dependence has

nant transfer on the linewidth may be about 10%—-20% but jbeen known for a long time and_ has ag_a_in been qbserved
often much lesd® recently by Tominaga and Yoshihdtadditional motiva-

Vibration—rotation contribution in CH, on the other tions to carry the simulation work were to test the theoretical
hand, was found to be very small and negligible as the mc)predictions based on the mode-coupling theory and also to

lecular rotational motions tend to be highly constrained in a>UPPlément and substantiate the theoretical work. Itis found,
as in the theoretical work that the time dependence of the

friction on the molecule is strongly biphasic, with an initial
ultrafast Gaussian component which dominates the decay of
the force—force time correlation function.

Molecular-dynamics simulations were carried out to de-

TABLE IV. Contributions to dephasing from the four mechanisrfig{,
F2q, Fag, and VR obtained from simulations for the first overtone of the

CH,—I stretching in liquid-CHI; both auto and cross correlations are given. The sub-quadratic dependence arises primarily from the
nonexponential decay ¢f)(t)Q(0)) in the initial time scale
Terms (AP(ONIF (ps™) 7 (P 74 (P9 in the case of CHl. This is in contrast to the largely qua-
Fio 0.713 0.119 1868 dratic dependence observed in liquig Necause of the al-
Fao 0.815 0.099 17.14  most exponential decay of i{RQ(t)Q(0)) correlation func-
Faq 0.925 0.109 10.7 tion. N, and CHl, therefore, represent widely different
VR 0.011 0.130 60 000.0

guantum number dependence of the overtone dephasing in
Fio+Fag 1.492 0.094 476 . . ;
FobF i 1.826 0.093 326 liquids. For the C—1 stretch in Cii the quantum number
1Q 2Q 3Q . . . X .
Fio+Fag+Fagt VR 1.842 0.091 325 dependence is sub-quadratic even for lower quantum num-
bers, that is fon=2 and 3. In the case of \nhear B.P., on
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the other hand, only a limited sub-quadratic behavior is obAPPENDIX
served and that too for higher quantum levels. o i i
The biphasic force—force time correlation function in . 1he quantitiest o, Foq, andFsq are to be calculated
combination with other relevant factors such as resonanck Order to obtain the frequency-modulation value as de-
transfer mechanism and vibrational-rotational contributionscrlbed in Eq(6). These are obtaln_ed as foIIows._ @f and
can lead to a sub-quadratic dependence of the overtone \Ri denote the same normal coordinate of two different mol-
brational dephasing rate. In the case of Chhile the reso-  €CUlesi andj, respectively. Then
nant energy transfer contributions are found to be significant,
vibration—rotation contributions are found to be negligible. Vi dVij riajp

Dephasing due to resonant energy transfer was found to be (9_Qi_iajb drigjp 9Q; (A1)
not highly significant in liquid N. Vibration—rotation con-

tribution, hovy_ever, was found_ to be qu.ite substantial for N and similarly

near the boiling point. Detailed density and temperature-

dependent studies on,Nave shown that vibration—rotation

coupling becomes very important at higher temperatures and %: dVij riajp (A2)

lower densities. dQ; iap driajp dQj

It must be stressed here thaj Bind CHl were modeled
as two neutral Lennard-Jones spheres separated by a bond-ife use of the above relations and further differentiation of
real situations, these spheres carry partial charges becaugf terms givd?’
both N, and CHl are dipolar. The dipolar interactions
among molecules can significantly contribute to the mean-

2

square force at the initial ime, particularly in the case ofgi _ S % dV(riajp) Tiajb" Uia (A3)
CHgl as N, is a weakly interacting dipolar system. This can 1Q 7 abZis driajp liajp
also give rise to a fast Gaussian decay at the short times.
Both these effects will tend to lower the value of the dephas- 2 dV(ray) 1 dV(rip)
ing time. This might partly explain the discrepancy of aboutpl, = > yi([ LI ajb }
1 ps between the observed and the simulated times in the =~ i#i ab=1 diajp ~ Tiajp  driajp
case of CHl. )2 o

Oxtoby et al. have carried out a simulation study of vi- x(r'a’bz Uia) 2 dV(r,an)> (A4)
brational dephasing in liquid nitrogen near B.P. using a mul- Fiajb Fiajp  ATiajp
tiparameter potential which includes short-range valence,
dispgrsion, arjd _q_uadrupole int_eractié‘riﬁowe\_/er, _they Qid . 2 dzv(riajb) 1 dV(riap)
not find any significant change in the dephasing time asN Fi=-— 2 > YaVb 2 -

= a2 dTiajb  Tiajp  dliajb

a weakly interacting dipolar liquid. For methyl iodide, how-
ever, these dipolar forces are expected to be significant. As (Niajp- Uia) (Miajp-Ujp) 1 dV(rigjp)
emphasized earlier, our aim here is to study the possible X ia" Ujp)
origin of sub-quadratic quantum number dependence of vi-
brational dephasing. The dipolar forces are not expected to (AS5)
change the scenario proposed here.

The simulations carried out here assume a rigid bondvhere ya—1 o 2)=[Ma(=1 or 2y/M1+mM,] with m; andm,
model to obtain the forces on the normal coordinate. As disbeing the masses of 1 and 2 atoms, respectively, of molecule
cussed by Berne and co-worké?ghe time-correlation func- i. Similarly, yp(=1 or 2=[Mp=1 or 2)/M;+m,] for the bth
tions of the forces for the rigid bond can be different from atom of moleculg. ri4j,=r;,—ria andu;, is the vector ori-
those for a real, flexible bond. This could be significant for aented from the center-of-mass of molecute theath atom.
high overtone state, in particular for the C—I stretch in me-
thyl iodide. For the latter, one could use the new simulation
techniques like RESPA or NAPAto incorporate the effects  5cxNOWLEDGMENTS
of the vibrations on the structure and dynamics of the sur-

2
Fiajb Fiajp  dTiajb
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