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A theoretical method is developed for examining the intermolecular vibrational motions that are responsible
for modulating the external electric field at the position of the solute in solution. The derivation is done in the
context of the instantaneous normal mode theory by using an algebraic property of the interaction formula,
in the same way as in the intensity-carrying mode theory of intramolecular vibrations developed in our previous
studies. The vibrational motions derived by the present method are called field-modulating modes (FMMs).
These modes play an essential role in electrostatic intermolecular vibrational interactions in solution. As an
example of application of the present method, the case of an acetonitrile solution of the nitrate iohiENO
studied. Various characteristics of the FMMs, which are important for vibrational polarization of the solute,
are examined in detail. The relation of the present picture to vibrational relaxation theories is also discussed.

1. Introduction It is clear from the above equations that dipole derivatives
(du/dq) play an important role in describing electrostatic

intermolecular electrostatic interactions. In addition to the (usual) mter_mol_%cllil?g wbratlo_nal mter_actlons. In_ our previous
studies} the vibrational motions responsible for generat-

electronic polarization, molecules are polarized to some extent : o : oo
due to distortion of molecular structures. The so-called vibra- N9 dipole derivatives and other electrical property derivatives
tional polarizability describes such polarization. Recent studies (Polarizability derivatives and first hyperpolarizability deriva-
on the vibrational spectra of some molecular ions (cyanine dyes, iVeS) have been analyzed for molecules with conjugated
1=, and NQ") in solutiori8 have shown that the effects of m-electron systems. As a method of extracting the vibrational

the structural distortion are clearly seen in those vibrational degrees of freedom responsible for generating the electrical
spectra. property derivatives, the theory of intensity-carrying modes
The formula for the vibrational polarizability may be derived (ICMs) has been developé#i*®By using this theory, the nature
as follows. Within the harmonic approximation and to the first ©Of the vibrational motions generating electrical property deriva-
order in the external electric field, the potential eneryy ¢f tives and their relation to the electronic structure have been
the solute in a polar solution is expressefl as clarified.
In relation to the above problem, another important type of
1 vibrational motions that should be clarified are the intermo-
V=- z w,z,qs - Z E, (1) lecular vibrations in solution that give rise to significant changes
25 in the electric fieldEx. In the instantaneous normal mode (INM)
picturét”18and to the first order irky, the potential energy of
whereqp is thepth (mass-weighted) intramolecular normal mode  the solution may be expanded as
of the solutewy, is its vibrational angular frequencyy is the
molecular dipole momen]uﬁo) is the value atj, = 0), andEx 1 ,, 1 .
is the external electric field. Because of the existence of the V== o+ -5 [QQ°~2FQ] -
second part in the parentheses in eq 1, the position of the 2% 25

Molecules in polar solutions are affected more or less by

duuy
(0)

Uy + N qp

2,

potential energy minimum is displaced as oy =5
Y|+ el BT ol @
1 o 5 00 m 0Q,
0y =—% —E 2 , o
w, aq, whereQ; is therth (mass-weighted) intermolecular normal mode
of the solution,Q, is its vibrational angular frequency; is
The molecule is polarized according de; = Sp(8u4i/30p) 0. the force along this normal mode at the instantaneous config-
The vibrational polarizability is therefore expressedas uration of liquid structure @ = 0), andEY is the external
electric field (at the position where the solute molecule is
1w Ay located) atQ, = 0.1° The modes with large values 6E./0Q;
aiﬁl’) =)y ———— 3) induce large changes .. It is therefore important to clarify
3 w; dq, 99, the nature of such modes to understand the electrostatic
intermolecular vibrational interactions operating in solution.
* Telephone: +81-54-238-4624; Facsimilet81-54-237-3354; E-mail: One problem that should be considered at this point is that
torii@ed.shizuoka.ac.jp there are many intermolecular normal modgs(too many to
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examine the nature of each), and a large number of them are To obtain the explicit forms of the FMMs, we diagonalize

expected to have large valueso@/dQ;. This problem is related

in part to the delocalized nature of the intermolecular normal
modes. It is therefore preferable to develop a method for
extracting the intermolecular vibrational motions (which may
be different fromnormalmodes) that are really responsible for

the changes itfx. By using such a method, the nature of the

electrostatic intermolecular vibrational interactions obscured in
the normal mode picture may be elucidated.

In the present study, we develop such a method by using an

algebraic property of the interaction formula, in a way similar
to the development of the ICM thed#® of intramolecular
vibrations. As an example of application of the method, we show
the results of the calculations carried out for an acetonitrile
solution of the nitrate ion (N@). The relation of the present
picture to vibrational relaxation theories is also discussed.

2. Theory

In our previous studieX}16the vibrational motions respon-
sible for generating dipole derivatives have been derived by
using an algebraic propeffyof the expansion ofui/doqp. The
vibrational modes thus obtained (in general not equal to
intramolecular normal modes) are called infrared (IR) ICMs,
since the IR intensity of a given mode is proportional to the
square of its dipole derivative. By looking at eq 4 shown above,
it is noticed that g« gp) and Ex, Q) appear in a symmetric
way. It is therefore expected that the vibrational motions
inducing large changes & may be obtained in the same way
as in the derivation of the IR ICMs. We call such vibrational
motions field-modulating modes (FMMs), since they modulate
electric field at the position where the solute molecule is located.

For the purpose of deriving FMMs, we take the set of mass-
weighted translational and librational (rotational) coordinates
of the molecules in solution, denoted By, (1= | < 3 for
translations and 4< | < 6 for librations?® m denoting the
molecule numberpE/oQ, may be expanded R m} 1<1<61<m=N
as

3E,

N 6 8Ek 8RI,m
3Qr m=11= aRi,m 8Qr

®)

whereN is the number of molecules.

The summation ovelrandm in eq 5 may be regarded as a
scalar product of two§-dimensional vectors, andg;, defined
as @Ju = dE/OR m and @)y = IR WOQ; with u = 6m + I.
Since{R m}1=i1=6,1=m=n iS @ set of mass-weighted coordinates,
the vectorsy, are normalized and orthogonal to each other by
definition. We consider an orthogonal transformation from
{0} 1<r<n to another set of [§-dimensional vector§s}i<i<n.
(We denote the number of normal modes included in the
derivation of FMMs byn.) Since{ &g} 1<k<3 generates a three-
dimensional subspace in thélglimensional space of intermo-
lecular vibrational motions, we can take}1<t<n such thateg
$s=0(1=k=3;4=<t=n)is satisfied. We then define a set
of vibrational coordinate$ as &), = dR,/9S (with u = 6m
+1). SincedE/9S = 0 for 4 < t < n by definition, and since
{S}i=t=nis related td Qi}1<r=n by an orthogonal transformation,
we may regard{ S}i<i<3 as representing the intermolecular
vibrational modes responsible for modulating electric field at

the position where the solute molecule is located, i.e., the FMMs.

ann x n matrix M defined as
3 oE, oE,

=200, ©

rs

It is easily derived from the algebraic property of the vectors
explained in the last paragraph that there are at most three
nonzero eigenvalues fod. The rest of the eigenvalues are zero.
The eigenvectors for the nonzero eigenvalues represent the
FMMs. Each nonzero eigenvalue is equal to the square of the
electric field modulated by the corresponding FMM.

The above derivation shows that it is possible to represent
the intermolecular vibrational motions that modulate electric
field at the position of the solute only by three mutually
orthogonal vibrational modes for a given configuration of liquid
structure. Although the derivation is done in the context of the
INM theory, the three vibrational modes thus obtained (the
FMMs) are not equal in general to any normal modes. The
dimensionality of the vector space of FMMs comes from the
fact that{ e} 1<k<3 generates a three-dimensional space, or in
other words, there are three independent elemenigddR,
for eachR m. As a result, if we confine ourselves to only two
components of the electric field (e.g., the electric field along
the x andy directions of the nitrate ion in the example shown
below), we obtain only two FMMs.

As in the derivation of the IR ICMs, any orthogonal set of
vibrational coordinates may be taken instead @} 1<r<n to
derive FMMs. For example, we may include only the motions
of the solvent molecules in the derivation of the FMMs and
consider the (translational and librational) motions of the solute
molecule separately. We take this option in most part of the
example shown below.

3. Example of Application: Acetonitrile Solution of the
Nitrate lon

In this section, we show the results of the calculations carried
out for an acetonitrile solution of the nitrate ion (AQ. It has
been shown in a previous studghat this ion is distorted in
polar solutions along the NO asymmetric stretching modes,
which are strongly IR active and hence give rise to large
vibrational polarizabilities. We examine the extent to which this
ion is distorted due to intermolecular electrostatic interactions
and the nature of the intermolecular vibrational motions
responsible for those interactions by using the theoretical picture
developed in the present study.

A. Computational Procedure. The liquid structures of the
solution were calculated by the molecular dynamics (MD)
simulation method. The six-site model of acetonitrile developed
by Bohm et al.??> which involves electrostatic interactions
between fixed partial charges and Lennard-Jones—6)2
interactions, was used. For the nitrate ion, the four-site
(electrostatic and exp-6) model developed by Signorini &% al.
was used after fitting its exp-6 part by the-1@ form (€ =
0.338 kJ mot! ando = 3.09 A for N; e = 0.613 kJ mot! and
o = 2.80 A for O). Only intermolecular degrees of freedom
were considered in the MD simulations. Four-dimensional
vectors (quaternions) were used to represent molecular orienta-
tions in solving the equations of motidh2>in combination
with the leapfrog integration methd8.215 molecules of
acetonitrile and 1 nitrate ion were contained in a cubic cell.
The periodic boundary condition was employed. The side of
the cubic cell was fixed to 26.7 A, taking into account the
molecular volume of acetonitrile (87.83/26 The temperature
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was kept at 298 K by adjusting the total kinetic energy every
200 fs. The time step was set to 2 fs. The system was
equilibrated for more than 320 ps, after which a production run
of 1 ns was carried out.

From the MD simulations, 50 configurations of liquid
structure were taken to calculate INMs. Force constant matrices
(F matrices) were constructed in the mass-weighted intermo-
lecular vibrational coordinate systefiR m} 1<1=6,1=m=n defined
in section 2. The molecular axes were defined so thak ted
y axes were the degenerate axes of@g(for acetonitrile) or
Dan (for the nitrate ion) point group. INMs were obtained by
diagonalization of thé= matrices thus constructed. For each
configuration of liquid structure, there were three modes with
zero frequencies that correspond to overall translation of the
system. The other™M—3 modes had nonzero (real or imaginary)
frequencies.

The electric field at the center of the solute molecule due to
the partial charges on solvent molecules is expressed as

rj’m
"

)

E=- z Uim 3
Im

im

whereq;m is the partial charge of thi¢h atom in themth solvent
molecule,r;n denotes the position of this atom relative to the
center of the solute molecule, angh is the length of this vector.
We therefore have

®)

wherel is a 3x 3 unit tensor. The coordinate system used for
this tensor was then transformed to obtély/oR , that appears
in eq 5. The FMMs were then calculated by using this tensor
as shown in section 2.

All the above calculations were carried out with our original
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Figure 1. An example of the vibrational patterns of FMMs in a
covariant representation (see text) calculated for an acetonitrile solution
of the nitrate ion. The nitrate ion is located at the center. The atomic
motions are shown by arrows.

Since {Q}1zr=en and {Rm}i<iz61=m=n are related by an
orthogonal transformation, we have

N & IRnIRMm

220, s

Since{R m}1=1=6,1=m=N iS @ set of mass-weighted coordinates,
a natural contravariant representation of the vibrational patterns

3Q
E = (10)

programs on a Fujitsu VPP5000 supercomputer at the Researchyf normal modes should be in the fordR(/dQ;) x (1/ /Il,m)'

Center for Computational Science of the Okazaki National
Research Institutes.

To estimate the extent to which the nitrate ion is distorted
due to intermolecular electrostatic interactions,
necessary to calculate its vibrational polarization properties. The
vibrational frequencies and the dipole derivatives for the
intramolecular normal modes of this ion were calculated at the
third-order Mgller-Plesset perturbati@h (MP3) level of the
ab initio molecular orbital (MO) theory with the 6-315(2d,p)
basis set830 The Gaussian 98 progré&fwas used for the ab

The corresponding covariant representation of the tesfRgy

9S is therefore in the forWaR;,m/aS. It is necessary to
introduce this representation becalgefor the libration around

it is also the 7 axis of acetonitrile is much smaller than the other types

of motions, and its contribution to the FMMs will be unneces-
sarily exaggerated without the factor ¢f .

It is seen in Figure 1 that the amplitudes of the motions are
large only for the solvent molecules just around the solute
molecule (located at the center). This localized nature of the

initio MO calculations on an NEC SX-5 supercomputer at the Vibration holds also for the other two FMMs. This result
Research Center for Computational Science of the Okazaki démonstrates that the motions of the molecules in the first
National Research Institutes. From the quantities thus obtained Selvation shell are primarily responsible for modulation of the
the vibrational polarization properties were calculated by using €l€ctric field at the position of the solute. The motions of the
our original programs on a Compag XP 1000 workstation in Solvent molecules outside this region have only small effects
our laboratory. on the field modulation.

B. Properties of the FMMs. An example of the vibrational The localized nature of the FMMs is more clearly seen by
patterns of FMMs is shown in Figure 1. Here we adopt a plotting the contribution of the molecular motions to the FMMs
“covariant” representation of the vibrational patterns, expressed as a function of the solutesolvent intermolecular distance. The
as /I, 0RmdS, wherel;m is the total mass of the molecule ~ function defined as
(for translations) or the moment of inertia (for librations). Figure

1 shows the atomic motions in this representation. 3 N [9E]2[ 0§ |2
The rational for adopting such a representation is as follows. cn= Z —| [ hmo(r—ryl| (11)
9Q//0S is expanded bY R m}1<i=6,1<m=N @S =1 0§ 3R1,m

aQ, N 6 0Q, IR, represents the contribution of each type of motions to the field
—_—= Z —_— 9) modulation, where, is the distance between the solute molecule
ISEN SIS 3R1,m G and the mth solvent molecule, andl.[] denotes statistical
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Figure 2. Contribution of molecular translations and librations to the
FMMs as a function of the solutesolvent intermolecular distanc€f

(r) defined in eq 11]: (solid lines) translations along and librations
around thex andy axes of acetonitrile molecules; (broken lines)
translations along and librations around thaxis.
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Figure 3. Contribution of molecular translations and librations to
normal modes, with the weights of their effects on field modulation,
as a function of the solutesolvent intermolecular distancéd|[r)
defined in eq 12]. See also the caption for Figure 2.

average. The result is shown in Figure 2. The following points
are noteworthy. (1) Most of the field modulation originates from
the motions of the solvent molecules within ab&uA from

the solute. The localized nature of the FMMs seen in Figure 1

is not peculiar to a few configurations of liquid structure but is
common to most (or all) configurations. (2) The contribution
to the FMMs is especially large for the librations around xhe

Torii

(a)

Contribution to FMMs
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Figure 4. (a) Frequency distributions of the normal modes involved
in the expansion of the FMMJ3(R2) defined in eq 13] in the case
where all the three components of the modulated field are taken into
account in the calculations of FMMs: (solid line)} 1; (broken line)

t = 2; (dot-dashed line} = 3. (b) Those in the case where only the
components of the modulated field in tixeand y directions of the
nitrate ion are taken into account in the calculations of FMMs.

This quantity represents the contribution of each type of
molecular motion to normal modes with the weights of their
effects on field modulation. The result is shown in Figure 3. It
is clearly seen that, except fbr= 6 (the libration around the
axis), significant values ob(r) are calculated over the whole
range of intermolecular distances. This result demonstrates that
the normal modes with large effects on field modulation are
delocalized to the extent that they include molecular motions
inther > 10 A region. It may be said, therefore, that the normal
mode picture does not provide sufficiently correct information
on the intermolecular vibrational motions that are really
responsible for field modulation.

The difference in the functional forms @(r) and Dy(r)
shown above suggests that the FMMs are expressed as linear
combinations of many (not only a few) normal modes. To
confirm this point, the frequency distributions of the normal
modes involved in the expansion of FMMs, defined as

s n [oE]J2[0S]2
Gt(sz):&za—;

are calculated. Here, the FMMs with the largest, medium, and

. 8(Q — QS)D (13)

andy axes. This result is reasonable because the molecularg,,4jjest values GE(9E/0S)2 calculated for each configuration

dipole moment changes its direction when the molecule rotates

around itsx or y axis. A tail of the functionC(r) in ther > 6
A region is noticeable only for this type of motion, indicating
that the contribution to the FMMs is slightly longer-ranged than

the other types of motions. (3) Since we are using a six-site
(not three-site) model for acetonitrile, in which hydrogen atoms

are treated explicitly, the libration around tteaxis also
contributes to the FMMs. However, the contribution is short-

of liquid structure are denoted 8, S, andS;, respectively.
The result is shown in Figure 4a. As is usually done, imaginary
frequency modes are plotted on the negative frequency side. It
is seen that all the FMMs are made of linear combinations of
normal modes in a wide frequency rarfgé.he same is true if
we include only the electric field in the andy directions of
the solute, as shown in Figure 4b.

As references to the function§(QQ) shown above, the

ranged because the molecular dipole moment does not chang@ansities of states for the six types of motions<(1l < 6),

its direction or location by this type of motion.

Since intermolecular normal modes are delocalized, the

localized nature of the contribution to the field modulation is
obscured in the normal mode picture. To clarify this point, we
calculate another function defined as

9E]?[0S]2[ 9Q.]7

3 N n
Dy(r) = EEM;; g B_Qs

. lm 6(r—rm)D

12)

defined as

N n aR{,m

H(Q) = Z —

m=1s= aQs

are shown in Figure 5. It is seen that the frequencies of most
normal modes on the real-frequency side, except for those with

large contributions of the librations around thexis ( = 6),
are confined in th€2 < 200 cnT! region. The librations around

2
5(Q — QS)D (14)
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TABLE 1: Vibrational Frequencies, IR Intensities, and Vibrational Polarizabilities of the Normal Modes for the Optimized
Structure and Frequency Shifts for Displaced Structures of the Nitrate lon?

displaced structures

optimized structure freq shift (cm)
freq. IR int. vib. polar. oq = 0.013 o0 = 0.013 o0 = —0.013

normal mode /cmt / km mol1 /au A amu2 A amu2 A amu2
Ou NO asym. str. (Of,—) 1478.8 717.7 8.89 138 12.8 —12.8
(o7} NO asym. str. (2,—,—) 1478.8 717.7 8.89 —12.5P —12.2 13.3
Oz NO sym. str. 1137.9 0.0 0.00 -0.4 -0.4 -0.4
Oa out-of-plane bend 884.7 9.8 0.34 -0.1 -0.1 -0.1
Os in-plane bend (G, —) 731.0 0.8 0.04 0.8 0.3 -0.4
Js in-plane bend (2,—,—) 731.0 0.8 0.04 —0.4° -0.4 0.4

a Calculated at the MP3/ 6-31G(2d,p) level .’ The vibrational pattern
mode of the optimized structure.

libration
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T
0 200 400
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Figure 5. Densities of states for the molecular translations and
librations Hi(R2) defined in eq 14]. See also the caption for Figure 2.

1 I
-200 600

thez axis appear in a higher-frequency region, probably because
the moment of inertia is very small for this type of motion.

It is noticed from the comparison of Figures 4 and 5 that,
although the librations around the and y axes contribute
significantly to the FMMs as shown in Figure 2, the functional
forms of Gy(Q) and H(RQ) (I = 4 and 5) are substantially
different. Especially in the case dBi(R2), which is the
component with the largesEy(dEW/0S)?% large values are
calculated in the 408200 cnt? region, where the density of
states is rather small. It may be said that, among the modes
with large amplitudes of the librations around thandy axes,
those in a higher-frequency region tend to be more effective in
modulating electric field.

C. Vibrational Polarization of the Nitrate lon in Solution.

As explained in section 1, vibrational polarization of the solute
in solution is determined by the magnitude of external electric
field and the vibrational polarizability of the solute itself.

The magnitude of field modulation in the FMM picture is
obtained from the values ofdE/9S| and the vibrational
amplitudes of the FMMs. In the case of the acetonitrile solution
of the nitrate ion shown above, the root-mean-square values of
|0E/3S| are in the range of 0.0330.049 x 10710 esu A3
amu 2, The vibrational amplitudes of these FMM&S) at
temperaturel are calculated from their “average” vibrational
angular frequencie®; as

h th)
E§§D= at COt”(m (15)

of this normal mode is not exactly similar to that of the corresponding

This value is slightly smaller than that obtained directly from
MD simulations, ~0.043 x 1071° esu A2 This is partly
because the FMMs obtained above do not involve the motions
of the solute molecule, as noted in the last paragraph of section
2. Since the electric field in solution is not uniform, the motions
of the solute molecule induce changes in the electric field at its
center of mass. If we include those motions in the definition of
FMMs, we obtain~0.034 x 1010 esu A2 as the magnitudes
of field modulation in the FMM picture. The remaining
difference is probably due to the anharmonicity of intermolecular

vibrations and the existence of multiple potential energy minima

in the solution.
The vibrational frequencies, the IR intensities, and the

vibrational polarizabilities of the intramolecular normal modes

of the nitrate ion calculated at the MP3/6-8G(2d,p) level are
shown on the left half of Table 1. The vibrational polarizabilities
are large only for the degenerate pair of the NO asymmetric
stretching modesqf and ). It is therefore reasonable that
distortion of molecular structure occurs particularly along these
modes in polar solutions.

From the vibrational polarizability calculated fgg and g
shown in Table 1 and the magnitude of the modulation of
external electric field€0.04 x 1071 esu A2, it is estimated

that the root-mean-square displacements algngnd g, for
the nitrate ion in acetonitrile are-0.013 A am&2 The
vibrational frequency shifts calculated for displaced structures

are shown on the right half of Table 1. A frequency splitting of
~25 cnt! is obtained between the two NO asymmetric
stretching modes. In a previous studig,has been stated that

the accurate value of the frequency splitting is difficult to

determine experimentally for the nitrate ion in acetonitrile and
other polar solvents except for water. However, considering the
frequency splitting of+60 cnT! observed in aqueous solution
and from the expectation that nitrateater interactions are
stronger than nitrateacetonitrile interactions, the frequency
splitting of ~25 cnT?! obtained above may be reasonalslé.

has also been shown in ref 7 that the structural displacements
along the NO asymmetric stretching modes occurring upon the
o — mr* electronic excitation are estimated to be 1.3 in the
dimensionless unit (which corresponds to about 0.2 A%nu
from the observed resonance Raman intensities. Since this value
is larger than the displacement calculated above for the ion in
the ground electronic state-0.013 A amd/?), it may be said

that the ion in thert* excited state is more sensitive to external
electric field.

4. Summary and Outlook
In the present study, we have developed a method for

The average vibrational frequencies (wavenumbers) are in theexamining the intermolecular vibrational motions that are
range of 156-220 cntt. From these values, the magnitudes of responsible for modulating external electric field at the position
field modulation are calculated to beD.027 x 1010 esu A2, of the solute in solution. Those vibrational motions are called
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field-modulating modes (FMMs). The FMMs are derived in the
context of the INM theory by using an algebraic property of
the expansion ofE/0Q; (eq 5), in the same way as in the ICM
theory of intramolecular vibrations developed in previous
studies'*16As an example of application of the present method,
FMMs have been calculated for an acetonitrile solution of the
nitrate ion. The vibrational patterns of the FMMs, the magnitude
of the field modulation by the vibrations along the FMMs, and
the structural distortion of the solute induced by the field
modulation are discussed in detail.

Intermolecular vibrational interactions are important in many
situations. When the external electric fidig in eq 1 depends
on intramolecular vibrational modes of other molecules in the
liquid, we obtain intermolecular coupling of intramolecular
vibrations. If the intrinsic frequencies of the vibrational modes
involved in the coupling are sufficiently close to each other (the

Torii
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determines the vibrational relaxation rate is the derivative of
the system Hamiltonian with respect to the vibrational modes

involved in the process. It has been discussed in previous

studie4*“6 that electrostatic interactions play an important role
in vibrational relaxation. For example, if we go on to the second
order inEx in eq 4, we obtain
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as the second-order term. Since it is first order in intramolecular

(27) Mgller, C.; Plesset, M. S2hys. Re. 1934 46, 618.

(28) Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem. Physl972 56,
2257.

(29) Hariharan, P. C.; Pople, J. Aheor. Chim. Actdl973 28, 213.

(30) Frisch, M. J.; Pople, J. A.; Binkley, J. $.Chem. Phys1984 80,
3265.

(31) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A. Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B,; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe,
M.; Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J.
L.; Head-Gordon, M.; Replogle, E. S.; Pople, J.Gaussian 98Gaussian,
Inc.: Pittsburgh, PA, 1998.

(32) It should be noted at this point that we may also calculate FMMs

and second order in intermolecular modes, this term is eXpeCtedfrom normal modes in a limited frequency range. In that case, it is possible

to be important in a vibrational relaxation process into two
intermolecular modes. As discussed in sectio29E,/9Q;)-

Qr may be replaced by the summation over the FMMs.
Therefore, the nature of the vibrational modes involved in the
vibrational relaxation process may be examined by using the
FMM theory. Discussion on this point will be made further in
future studies.
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