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The differences in the liquid phase internal vibrational frequencies of water, obtained from 
molecular dynamics (MD) simulations, between the two versions of the central force model of 
Rahman and Stillinger (CF1 and CF2) are investigated by employing the theory of Buckingham 
on solvent effects. It is found that the differences can be essentially accounted for by the different 
O —H stretching cubic anharmonic force constants of CF1 and CF2. A significantly improved 
agreement between the results of M D simulations and spectroscopically observed liuqid phase 
frequencies could be achieved by using a harmonic force field, supplemented by a cubic 
stretching force constant, for the intramolecular interactions of water, and the CF2 potential for 
the intermolecular interactions. 

Introduction 

The central force potentials developed by Rahman. 
Stillinger and Lemberg [1] (called here CF1) and 
Stillinger and Rahman [2] (called here CF2) (see 
Appendix) have been very successful in describing 
structural and dynamic properties of liquid water 
under normal conditions [1, 2], of aqueous electro-
lyte solutions [ 3 - 5 ] and even of certain types of ices 
[6]. Building on an initial set of central force inter-
actions by Lemberg and Stillinger [7], which was, to 
our knowledge, never used for actual computer 
simulations, the two sets of potentials referred to 
above were constructed in such a way as to obtain 
structural and dynamical properties for liquid water 
as close to experimental results as possible. Indeed, 
the last version of these potentials is considered to be 
one of the best available models of liquid water [8]. 

In this communication, we will focus our atten-
tion on an aspect of these models which has, in our 
opinion, not yet been sufficiently considered. These 
models treat the water molecule as three distinct 
mass points, one oxygen and two hydrogens. The 
interatomic potentials were determined in such a 
way as to yield stable H 2 0 molecules with an 
appropriate equilibrium geometry (which is in fact 
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the gas phase geometry of water), and to permit 
oscillatory motions of the atoms about that equilib-
rium geometry. Within the framework of a central 
force model, the vibrational frequencies of the 
molecule are determined, in harmonic approxima-
tion. by only two independent force constants, the 
O - H and the H - H stretches. In both models 
discussed here, they were set to be 7.973 mdyn/Ä 
and 1.7872 mdyn/A, respectively, leading to the 
vibrational frequencies, for a single molecule, re-
ported in Table 1. Table 1 also lists the observed 
fundamentals and the usually adopted harmonic 
frequencies for the water molecule. The agreement 
between calculated and observed gas phase fre-
quencies is seen to be not very satisfactory, especial-
ly the fact that the calculated symmetric stretching 
frequency co\ is found to be higher than the calcu-
lated asymmetric frequency «3, while the opposite 
is always observed in water. Furthermore, in spite 
of the fact that the harmonic stretching force con-
stants are the same for both models (CF1 and CF2), 
very different oscillatory motions are observed in 
the liquid state. 

These motions are usually studied by analyzing 
the Fourier transform of the normalized velocity 
autocorrelation function of the hydrogens as ob-
tained from molecular dynamics simulations (cf. 
e.g. [3]). In their study of the CF1 model Rahman. 
Stillinger and Lemberg [1] found three broad bands 
in this Fourier transform, one centred at about 
1475 cm"1, or shifted by about + 1 0 0 cm"' with 
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Table 1. Internal vibrational frequencies of H 2 0 (in cm - 1 ) . 

Vibrat ionalmode vgas wgas wgas (CF) b v l iq
c v l i q ( C F l ) d vliq (CF2) d 

sym. strech (v|, <x>j)a 3657 3832 4266 3345 [14]; - 3500 4573 
3225 [13] 

bend (v2, co2) 1595 [9] 1648 [12] 1369 [1] 1645 [9] ~ 1 4 7 5 [1] 1593 

asym. strech (v3, o>3) 3756 3943 3805 3455 [14]; ~ 2900 4164 
3440 [13] 

u v and co denote fundamental and harmonic frequencies, respectively. 
b Gas phase harmonic frequencies calculated from CF1 (CF2) model potential. 
c The assignment of v, seems to be uncertain because of the Fermi resonance with 2 v2. 
d v i l q (CFl) and V|,n(CF2) are the maxima of the Four ier transform of the velocity autocorrelation function of the 

hydrogens from M D simulations of water with CF1 and CF2 models, respectively. 

respect to the frequency reported for the harmonic 
gas phase bending vibration in this model in 
Table 1, and two overlapping ones, centred at about 
2900 cm"1 and 3500 cm - 1 , shifted by about - 840 cm" ' 
on the average with respect to the vapour phase 
stretching frequencies. In the case of CF2, the bands 
observed in the Fourier transform of the velocity 
autocorrelation function were centred at about 
1600 cm - 1 , 4160 c m - 1 and 4570 cm"1 (this work) and 
the two latter ones were much sharper than the 
corresponding band in the CF1 case [3], The calcu-
lated with respect to harmonic gas phase f requen-
vapour phase have to be compared with the experi-
mentally observed ones (see Tables 1 and 3). In the 
work presented here, all frequency shifts were calcu-
lated with respect of harmonic gas phase frequen-
cies, as the small additional shifts due to the 
classical anharmonic motions [10] in the gas phase 
can be neglected in this context. 

It can be seen that, while in the case of CF1 the 
sign of the shifts is at least correct, this is not the 
case for the two high frequencies observed for the 
CF2 model. 

In order to understand the origin of this quite dif-
ferent behaviour of these otherwise very similar 
models, we have undertaken a careful analysis of 
especially the intramolecular parts of the two sets of 
potentials, since some preliminary calculations indi-
cated that the differences in the external interaction 
parts can not explain the different spectral features. 
In a subsequent step we then tested this concept by 
introducing a new potential for the intramolecular 
interactions. In order to obtain a more realistic 
behaviour of the water molecule vibrations, this 
potential was expressed as a power series in terms of 
interatomic stretches and bends, as it is usually done 

for potentials obtained from spectroscopic measure-
ments. This part of the potential is thus no longer of 
the central force type, but also contains three body 
contributions. 

At this stage of theoretical development, we feel 
that it is justified to study these effects within the 
framework of a classical theory, such as molecular 
dynamics, even though the vibrations have frequen-
cies such that hcco>kT. As was pointed out 
earlier [7], the nature and the magnitude of the 
hydrogen bond distortions in the liquid can be 
analyzed and interpreted in terms of such classical 
models; their influence on the vibrational frequen-
cies may thus be studied by these methods. Further-
more, as the anharmonicity constants (usually called 
Xe [10]) can safely be assumed not to vary signifi-
cantly between the vapour and liquid phases [11] 
we are led to expect a generally analogueous be-
haviour of quantum frequency and classical fre-
quency shifts between vapour and liquid, as calcu-
lated here. 

Within this approach, it is thus worthwhile to try 
to improve the existing interaction potentials, aim-
ing at a more realistic behaviour of the intramolec-
ular vibrations. Such a model could subsequently be 
used to study e.g. the influence of solutes on the IR 
spectra of water in aqueous solutions more accu-
rately than it has been possible in the past [3, 4]. 

Perturbation Theory Treatment 

The vibrational frequencies of molecules in the 
liquid phase are different f rom those in the gaseous 
phase owing to the effect of intermolecular interac-
tions on the properties of condensed phase mole-
cules (see e.g. [15]). Buckingham [16] and others 
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[ 1 6 - 1 8 ] have discussed the theory of the effect of 
intermolecular interactions on normal mode vibra-
tional frequencies. In order to understand the rea-
sons for the d i f ferent spectral behaviour in the 
liquid phase of the two versions of the central force 
model potentials discussed above, - in spite of the 
fact that their ha rmonic stretching force constants 
are identical —, we decided to investigate, as a first 
approximat ion , the bond stretching vibrations of the 
water molecule as a d ia tomic oscillator within the 
f ramework of Buckingham's theory [16]. 

A) Diatomic Oscillator Approximation 

A dia tomic oscillator approx imat ion seems espe-
cially just if ied if the molecule H D O is studied 
instead of H 2 0 , as in this case the O - H and O - D 
stretching vibrat ions can be treated in good ap-
proximat ion as two uncoupled dia tomic oscillators. 
For the vapour- l iquid f requency shifts of the funda-
mental absorpt ion bands of a d ia tomic oscillator 
(zlv), Buckingham [16] obtained the following ex-
pression by using per turba t ion theory and treating 
the anharmonici ty and the intermolecular interac-
tion energy in the l iquid phase as per turbat ions to 
the harmonic oscillator 

Be . 
Av= viiq - vvap = (U" -3a U') 

he co 
+ higher order terms (1) 

where Be is the rotat ional constant (h/8n2 p cr2
e), p 

being the reduced mass, re is the equi l ibr ium 
distance, co is the f requency of the harmonic oscil-
lator (in cm"1). U is the intermolecular interaction 
potential energy, expanded as a power series in the 
displacement of the nuclei f rom their equi l ibr ium 
separat ion c = (/* — r t ) / r t 

U = U(c, T) = Ue(T) + U (r) C + Y U" (r) c 2 + .... 
(2) 

U' and U" are the derivatives of U with respect to c 
at the nuclear equi l ibr ium separat ion /-e, and r 

represents the posit ions (and orientat ions) of all 
other molecules relative to a par t icular molecule. In 
(1) a is the cubic anharmonic i ty constant in the 
vapour phase and the brackets denote an averaging 
over all solvent configurat ions. The connection be-
tween the dimensionless constant a and the perhaps 
more fami l ia r anharmonic i ty constant 

. E - V 
9= 1/6 

ar-

ts given by 

a -
hear 9 • ( 3 ) 

For most l iquids, under normal conditions, one 
has [16] U' < 0, U" > 0 , a < 0, (g < 0) and, since 
(U',s) usually is a much smaller than 3 a (U,s), a red 
shift ( z l v c O ) for the stretching vibrat ions can be 
expected, in accord e.g. with experimental observa-
tions for H D O ( J v O H = - 307 cm" ' , AvOD = -221 
cm"1 [9]). 

By di f ferent ia t ing the FO H part of the central 
force potentials CF1 and C F 2 [2], values of 
- 26.3 m d y n / A 2 and -I- 3.28 m d y n / Ä 2 are obta ined 
for the cubic anharmonic i ty constant (g), respec-
tively ( / r r r in Tab le 2). F rom (1) a red shift has to be 
expected for the CF1 potential and a blue shift for 
CF2. Also the magn i tude of the shift should be 
larger in the fo rmer case than in the latter one. 
There are of course dif ferences in the intermolec-
ular interaction energies (U) of the two model po-
tentials, but they can be neglected for the arguments 
presented here. It should be ment ioned that a posi-
tive g value does not seem to be realistic f rom a 
physical point of view, since this would mean that 
the potential energy curve comes up inside the 
harmonic parabola as the bond stretches. 

In order to obtain an est imate of the importance 
of the vibrat ional f requency shift due to the term 
(Vs), a molecular dynamics s imulat ion was run on 
H D O liquid. (We are aware of the fact that pure 
H D O liquid does not exist, but for the present 

Table 2. Force constants (in mdyn/A) and equilibrium geometry of the water molecule. 

Potential fr fa frr fr„ f frrr" f b Jqqq rt( A) ae 

Harmonic [12] 
CF1 [1] 
CF2 [2] 

8.454 
7.973 
7.973 

1.7872 
1.7872 

0.101 0.228 0.761 
- 2 6 . 3 
+ 3.28 

- 0.8631 
— 0.817/ 

0.9572 

0.9584 

104.52° 

104.45° 

a H—H stretching force constant. 
b These anharmonic force constants are given in mdyn/A2 . 
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Table 3. Vapour-liquid frequency shifts (in cm"1) of internal vibrations of water obtained from MD simulations. 

Molecule Molecular Dynamics Simulation Vapour-liquid frequency shiftse Ref. 

intermolecular intramolecular average Jv, zlv2 z)v3 
interactions interactions temperature (K) 

H D O CF2 Harmonic [12] 319 59a 69 49 c 
HDO CF2 Harmonic + frrr

b 289 -201 64 -141 c 
H.O CF1 CF1 295 ~ —770 106 ~ —900 [11 
H.O CF2 CF2 302 306 225 358 c 
H.O CF2 Harmonic [12] 300 d 76 d c 

a Gas frequencies for HDO: o>, = 3889 cm a>2 = 1446 cm co3 = 2824 cm Observed vapour-liqud frequency shifts: 
Av, = - 307 cm - 1 , Av, = 45 cm"1, Av3 = - 227 cm"1 [9]. 
b frrr = - 9.977 mdyn/A 2 [ 12], 
c This work, the error of the calculated frequencies is ± 15 cm - 1 . 
d There is one wide band in the Fourier transform with a maximum at 3923 cm - 1 . 
e The shifts are calculated with respect to the harmonic gas phase frequencies. 

purpose it does not cause any problems.) For the 
internal ( intramolecular) interactions, a ha rmonic 
force Field in O - H and O - D bond stretches and 
H - O — D bond angle displacements was used [12] 
(see Table 2), the external ( intermolecular) interac-
tions were taken f rom the CF2 model potential , 
which, as has been pointed out above, is considered 
to be a very reliable one. A suitably modi f ied 
version of the program used in previous s imulat ions 
with the central force model for water [3, 4] was 
employed here; the reader is referred to these 
papers for fur ther details. After equi l ibrat ion, a run 
of 1000 time steps was generated (average tempera-
ture 319 K), and the velocity autocorrelat ion func-
tions for H and D and their Fourier t ransforms were 
evaluated. It might be noted that it is also possible 
to evaluate the velocity autocorrelat ion funct ion of 
all hydrogens (H and D); the posit ions of the 
max ima in the Four ier transform of this ..function 
are the same as the ones obtained f r o m the Four ie r 
t ransforms of the individual (H or D) velocity 
autocorrelat ion functions. 

The vapour- l iquid frequency shifts obtained are 
+ 59 c m - 1 for the O - H , + 4 9 c m - 1 for the O - D 
stretches (and incidentally, + 69 c m - 1 for the 
H - O — D bend), which gives an average value of 
0.247 mdyn • A for (U"). The corresponding change 
in the harmonic stretching force constant ((U"}/rl) 
amounts to 0.26 md y n /A; this small value also 
indicates that the main part of the vapour- l iquid 
f requency shift arises f rom the second term in (1), 
containing the anharmonici ty constant a. As the 
same order of magni tude for ( U i s to be 
expected for the CF1 potential, we conclude that 
the difference in the anharmonici ty of the O - H 

stretching potential between the CF1 and C F 2 ver-
sions is responsible for the different vapour- l iquid 
shifts of the stretching frequencies obtained f rom 
the M D simulations. 

On the other hand, it is clear that a proper expla-
nation of the dif ferences observed for the bending 
frequencies (cf. Tables 1 and 3) can not be achieved 
by the extremly s implif ied t reatment presented 
here. Therefore , a more complete t reatment of the 
case of t r ia tomic molecules will be worked out in 
the next section. 

B) Triatomic Molecule Treatment 

For H 2 0 and D 2 0 , the vapour- l iquid vibrational 
f requency shifts can be written, according to 
Buckingham [16], to first approx imat ion as 

Av i =• 
1 

Sn2c2co2 <Un>-
2 n l c 2 „2 (4 a) 

• ( < ^ ! > — T + < c / 2 > — T " ) } \ COf coj JJ 

(symmetric stretching), 

(bending), 

(U'22>~ 2nzc 2 „2 (4 b) 

KS^-S) 
1 l / v 3 

i 7TC CO 3 
(4 c) 

\ «1 coj /] 

(asymmetr ic stretching) 
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(for H D O , the corresponding formulae are more 
complicated because of the lack of molecular sym-
metry). In these expressions, U'j = (dU/dQj)e and 
U'j'/ are derivatives of the interaction potential with 
respect to normal coordinates; the brackets denote, 
as before, an averaging over all solvent configura-
tions. U is written as a series expansion 

U=U(QI,Q2,Q3,T) 

3 
= Ut + Z U\ Q,+ \ Z U-i QiQi + .... (5) 

There are no (U'3) terms in (4a) — (4c) because of 
symmetry requirements. The VIJK terms are the an-
harmonic force constants, obtained when the intra-
molecular potential energy (V) is expanded in terms 
of normal coordinates 

V= 2 7 I 2 C 2 { C O ] Q ] 4 (o2Q2 4 co2 Q]) + VU] Q\ 

+ F , 2 2 Ö 1 Ö 2 4" + V2UQ]Q2 

+ V222QJ+ V233Q2Q] 

4 higher order terms. (6) 

It is more convenient to write the potential energy in 
wavenumber units as an expansion in the d imen-

values of the anharmonic force constants for the two 
versions of the central force potential obtained by 
different iat ing VOH and VHH are listed in Table 2. It 
can be seen that the fqqq force constants are nearly 
identical for CF1 and CF2; therefore it is difficult 
to understand at first sight why the vapour-l iquid 
shifts of the bending frequencies are so different 
( 4 106 c m - 1 in CF1 vs. 4 225 cm"1 in CF2). 

The anharmonic potential terms VJJK can now be 
evaluated as functions of the quadrat ic and higher 
order force constants by the transformation [12, 20] 
shown in matrix fo rm in Table 4 using the notation 
of Eq. (23) in [20]. Numerical values for these 
coefficients can be derived from the eigenvector 
matrix elements of the harmonic vibrational prob-
lem adequa te for the central force fields, i.e. using 
two O - H stretches and the H - H stretch as coordi-
nates and the force constants reported in Table 2, by 
methods described in [12, 20]. The numerical values 
are listed along with the eigenvector elements in 
Table 5. It is interesting to note that there is much 

Table 4. Matr ix representa t ion of the cubic potential con-
stants for central potential of water". 

sionless normal coordinates (.y,) [9] 
11 a 2 ; . b 0 ;.3 " fr " 

V/h C — y (CO | X2 4 C02 X2 4 C03 .X3) 4 A ] [ 1 .V | 
1̂22 ß(ßk + 2a//) 0 3 Aß2 3öc2 

re 

fJL 
C/c 

4 Ar]22 *2 4 A133 .X, x] + k2u xj x2 33 y(y/. + 2 xv) der 3/v-2 0 

re 

fJL 
C/c 

4 A.'222 *2 + A233 *2 *3 
Fni y.(zn + 2ß / . ) 0 3A2M 3ö2e 2 Im 

4 higher order terms, (7) V222 ß2H 0 S s3 ' e 

where kijk is given in c m - 1 and x,= 2n(c<Dj/h)U2 
Qi- Vm j(yt* + 2ßv) 1 ecr 3 // v2 0 

It should also be mentioned that in (6) and (7) -

terms containing odd powers of Q3 or x3 are missing 
because of the C2 v symmetry of water molecule. 

In order to estimate the contributions of the dif-
ferent terms in (4a) —(4c) to the vapour- l iquid 
shifts of vibrational frequencies of water, it is neces-
sary first to evaluate the cubic anharmonic constants 
(Vjjk, kjjk) in terms of internal coordinates. The 
vibrational potential functions of type CF1 and C F 2 
can be expanded in terms of internal coordinates in 
the following way: 

a Units: [V i jk] = g " l / 2 cm" 1 s~2 N"-V2; [x, / ? . . . . ] = amu; [f] 
= dyn /cm; [/-e, qe] = cm. 
b The symbols a, /?, etc. are defined in Eq. (23) of Ref. 
[20], the numerical values are given in Table 5. 

Table 5. T h e eigenvector matr ix elements (in a rau" 1 / 2 ) and 
the t ransformat ion coeff ic ients (in amu) for central force 
water. 

V=^f{Ar\+Ar2
2)+^fqAq2 

re qe 
(8) 

where zf/"i (Ar2) and Aq represent the displacements 
of O - H and H - H bond lengths, respectively. The 

0i 02 03 

A /'1a 0.708 0.133 -0.731 
Ar, 0.708 0.133 0.731 
Aq 1.234 -0.679 0 
a = --0.0933 ß — 0.7376 y= -0.0414 / .= 0.7145 
ß = 0.1327 v= 0.7327 5= 1.2439 e = —0.6939 ß = 

a =-0.8322 

' ] Y/J R 2/ CIIIV-I I-Î J A J 
dinates, respectively. 
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more mixing between the symmetr ic stretching and 
"bending" modes in the case of central force poten-
tials than in the case of the usual spectroscopic 
potentials (two stretches, one bend) . 

Discussion 
The contributions from the dif ferent force con-

stants (in internal coordinates, see Table 2) to the 
anharmonic potential constants kijk of (7) are listed 
in Table 6. The cubic constants of the central force 
potentials in terms of the normal coordinates, which 
play a central role in the de terminat ion of the 
vapour-l iquid shifts of the internal vibrat ions (4), 
are given in Table 7. 

It is an interesting point that in some cases (e.g. 
V\\2) there is a significant contr ibut ion f rom the 
quadrat ic force constants to the anha rmonic poten-
tial constants, which originates f rom the nonl inear 
dependence of the internal coordinates on the nor-
mal coordinates [21]. The differences in the signs of 
the V\u, V2\\, V\33 and V233 cubic constants for CF1 

and C F 2 are in agreement with the red and blue 
shifts of the symmetr ic and asymmetr ic stretching 
frequencies observed in the M D calculations (cf. 
Table 3). The magni tude of F,33 is much larger than 
that of V\\\, which explains the larger shift of the 
asymmetr ic stretching frequency compared to that 
of the symmetr ic stretching frequency. It can be 
seen that the magni tude of the contribution of frrr to 
V\22 is significantly smaller for C F 2 than for CF1. 
This might account for a large part of the d i f ference 
between the bending vibrational frequencies of the 
two models in the liquid state. On the other hand, 
the d i f ferent signs of V m for C F 1 and C F 2 seem to 
indicate that higher order terms in (4b) may also 
contr ibute to the vapour- l iquid shift of the bending 
vibrational frequency. 

F rom Table 7, the second term in (4b) containing 
V222 seems to be much less important than the first 
term; this shows that a term in ( t / f ) can contr ibute 
significantly to zlv2 through the anharmonici ty con-
stant V\22. The impor tance of this point has already 

Table 6. Contributions from internal force constants to cubic constants kjjk (in cm '). 

1̂11 1̂22 1̂33 2̂11 k222 k233 

CF1 CF2 CF1 CF2 CF1 CF2 CF1 CF2 CF1 CF2 CF1 CF2 

fr 2 340 1 - 5 1 117 26 

U 0 0 20 0 0 •20 
frrr - 6 7 8 85 - 2 1 9 27 - 2 4 0 0 299 - 6 6 7 83 - 2 4 3 - 7 8 7 98 
.fqtiq - 59 - 5 6 - 1 7 1 •162 0 0 174 164 56 53 0 0 
Total - 7 3 5 31 - 50 205 - 2 3 7 9 320 - 5 4 4 196 149 173 - 8 3 3 52 

Table 7. Cubic constants in terms of normal coordinates2 for central force potentials of water (Vijk x 10 15). 

V b,c Mil Vm Fl 33 V2u 2̂22 V233 

CF1 CF2 CF1 CF2 CF1 CF2 CF1 CF2 CF1 CF2 CF1 CF2 

f _ 
'e 5 308 2 - 8 1 60 - 3 7 

<7e 
0 0 51 0 0 - 2 8 

2 f r r r -1919 239 -196 25 -6053 755 -1069 133 - 1 3 2 -1124 140 

fqqq_ 

<7e 
- 166 -157 -155 -147 0 0 278 263 29 27 0 0 

Total -2080 87 - 43 186 -6000 808 - 872 315 76 89 -1189 75 

a See Eq. (6). 
b [*V] = g - f / 2 cm- ' s - 2 N- 3 / 2 . c The relationship between Vjjk and kijk is given by Vijk = kijk (co, a>j a>k) 2/9.8567 • 10 . 
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been emphasized by Buckingham [16]. Also, the 
contribution of the fqqq force constant to the dif-
ferent cubic potential constants (see Tables 6 and 7) 
is sizeable in some cases (e.g. V m , K 2 u ) h o w e v e r , 
its effect on the differences between the vibrational 
frequency shifts of CF1 and CF2 is negligible. It is 
also clear that the differences between the shifts for 
CF1 and CF2 central force potential can not entirely 
be ascribed to the differences in the Vijk terms, 
since the external interactions are not exactly ident-
ical for the two versions. 

By using the value of 0.247 mdyn • A for ( U " ) 
obtained in the diatomic oscillator approximation 
and the transformation between normal coordinates 
and internal coordinates, the harmonic shift cor-
responding to the (U'{\) and <t/33) terms can be 
estimated for water with harmonic intramolecular 
potential. We obtained a value of + 6 4 cm""1 for 
^viharm = ^v'3harm^ which seems to be quite reason-
able and suggests that if the gas phase vibrational 
motions were purely harmonic, the vapour-liquid 
shifts would be small and to the blue. 

To have a further check on this point, a M D 
simulation was performed on H 2 0 with harmonic 
intramolecular and CF2 intermolecular potential. 
Using the techniques described above, a wide band 
with an unresolved peak centred at 3923 c m - 1 (see 
Table 3) was obtained. It should be mentioned that 
in this case the shifts can not be expected to cor-
respond exactly to the predicted harmonic shifts 
because of the contributions from the quadrat ic 
force constants to the cubic Vijk constants (see 
Table 7). In spite of this, the shifts calculated from 
MD seem to have the right order of magnitude. 

It can be concluded from the above discussion 
that /„.,. can be expected to have the largest influence 
on the vibrational frequency shifts on condensation 
in the case of water. Therefore we carried out a 
preliminary MD simulation on HDO liquid, using 
the harmonic force field of Kuchitsu and Morino 
[12] and their value of - 9.977 mdyn/A 2 for the 
cubic stretching force constant frrr. It can be seen 
from Table 3 that the introduction of this cubic 
force constant improved significantly the agreement 
between calculated and observed liquid phase fre-
quencies for the stretching vibrations, while the 
bending frequency shift did not change significant-
ly. This can be accounted for by the very small 
coupling between the stretching and bending mo-
tions in this molecule. 

Conclusion 
It has been demonstrated that the differences in 

the liquid phase intramolecular vibrational fre-
quencies of the two versions of the central force 
model of water [1, 2], as obtained from MD simula-
tions, are determined mainly by their different 
anharmonicities in the intramolecular parts of the 
potential, and are thus probably largely governed by 
the distortions of the O - H bond in the liquid. The 
construction of a model potential which is suitable 
for a more realistic study of the internal vibrational 
frequencies (e.g. the effects of solutes on these) and 
at the same time maintains the good agreement 
with the experimentally observed structural and 
dynamical properties of liquid water thus requires 
the inclusion of some carefully selected anharmonic 
force constants into the internal part of the poten-
tial. Further studies along these lines are in pro-
gress; results of these investigations will be pub-
lished separately. 
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Appendix 

For the convenience of the reader, the two ver-
sions of the central force model potential of Rahman 
and Stillinger [1, 2] are given below, (energy in 
kcal/mol and length in A ) : 
CF1: 
I / 0 0 ( r ) = 144.538/r + 23401.9/r8 '3927, 

VOH (/•) = - 72.269//- + 2.6677/r1497 

- 6 / ( 1 + exp (5.49305 ( / • - 2 . 2 ) ) ) , 

F h h (/•) = 36.1345//- + 20/( 1 + exp (40 (/• - 2))) 
- 17.03002 exp(— 7.60626 ( / • - 1.4525)2), 

CF2: 
V00(r) = 144.538//-+ 26758.2//-8-8591, 

- 0 . 2 5 e x p ( - 4 ( / - - 3 . 4 ) 2 ) 
- 0 . 2 5 e x p ( - 1.5 (/• - 4.5)2), 

VOH (/•) = - 72.269//- + 6.23403/r919912 

- 10/(1 + exp(40(/ ' — 1.05))) 
- 4 / ( 1 + exp (5.49305 (/• - 2.2))), 

VHH (/•) = 36.1345//- + 1 8 / ( 1 + exp (40 (/• - 2.05))) 
- 17 e x p ( - 7.62177 ( / • - 1.45251)2) . 
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