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The change in the frequency of the CH stretching vibration and in its anharmonicity constant, 
quadratic, cubic and quartic force constants and the equilibrium CH bond distance, on conden­
sation, were investigated by performing model calculations for liquid chloroform and fluoroform. 
The interactions between the hydrogen atom and the CH oscillator, represented by a Morse 
potential, and the halogen atoms of its neighbor molecules were described by the sum of Lennard- 
Jones and Coulomb potential functions employed in molecular dynamics simulation. The calcula­
tions were carried out for different molecular arrangements in the liquid and have shown that mainly 
the size of the halogen atom, consequently the intermolecular distances, govern the direction of the 
CH vibrational frequency shift and of the change in the anharmonicity constant on the vapor-liquid 
transition. The pressure and temperature dependence of the CH stretching vibration was also 
studied for liquid chloroform. While the calculated pressure dependence is in good agreement with 
that observed, only the direction of the temperature dependence is in accordance with experimental 
observation.

In te rp re ta t io n  o f  V ap o r-L iq u id  F req u en cy  S h ift

Introduction

The difference in the vapor pressure of isotopically 
substituted molecules (vapor pressure isotope effect, 
VPIE) is closely related to the intermolecular forces 
acting between the molecules in the condensed phase 
and to their effect on the internal vibrations [1].

During the investigation of vapor pressure differ­
ences brought about by isotopic substitution in various 
haloforms [2-4] it turned out that the shift of the CH 
stretching frequency on condensation contributes 
significantly to the H/D VPIE. According to spectro­
scopic data the frequency of the CH stretching vibra­
tion of CHC13 and CHBr3 decreases on condensation 
(red shift) by 14 cm-1 [5] and 28 cm-1 [6], respec­
tively. On the other hand, in the case of fluoroform the 
CH vibrational frequency undergoes an increase of 
27 cm "1 (blue shift) [7] during the vapor-liquid transi­
tion. By combining the high precision VPIE data with 
the above spectroscopic information we have con­
cluded that the anharmonic constant of the CH vibra­
tion of CHCI3 decreases, whereas that of CHBr3 in­
creases on condensation [8], It is of interest to decide 
whether the differences in the intermolecular interac­
tions and/or in the sizes of the haloform molecules are
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responsible for the differences in sign and magnitude 
of the shifts of the CH stretching vibrations and their 
anharmonicity on condensation.

Since the late fifties the changes in the vibrational 
spectrum of dissolved molecules caused by the inter­
molecular interactions in liquid phase have widely 
been investigated. Red shifts and an increase in the 
equilibrium bond distances were found for most of the 
CH (or OH) stretching vibrations which are due to 
attractive interactions [9-17], These shifts can be off­
set and reversed by compressing the solution because 
this leads to a decrease in the mean distances between 
solute and solvent molecules and thus the repulsive 
forces become dominant.

A theoretical treatment of the effects of solute- 
solvent interactions on the frequencies, intensities and 
shapes of the infrared absorption bands of dissolved 
molecules was carried out by Buckingham [12-14] 
within the framework of second-order perturbation 
theory. He showed that the frequency shifts are related 
to the first and second derivatives of the intermolec­
ular interaction potential with respect to the displace­
ment of the nuclei from their equilibrium separation. 
However, this theory is not able to account for 
changes in anharmonicity constants during conden­
sation.

Drickamer and his co-workers [9-11], who mainly 
studied the effect of pressure on the vibrational fre-
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quencies, described the vibration of CH bonds in the 
condensed phase by a potential function which was 
represented by the sum of Lippincott's intramolecular 
and a Lennard-Jones intermolecular potential func­
tion. From the equilibrium condition the changes in 
bond distances were calculated, while the frequency 
shifts were estimated from the second derivatives of 
the total potential function. By comparing the calcu­
lated shifts with the experimental ones they were able 
to obtain information on some parameters of the 
intermolecular potential function. Higher order deriv­
atives, therefore changes in anharmonic force con­
stants and anharmonicity constants were not con­
sidered in their calculations. Recently Mentel and 
Luck [15] carried out a high-pressure infrared spectro­
scopic study on OH vibrations of some fluoroalkyl 
alcohols and interpreted their results using a linear 
semiclassical model. From the maximum shifts ob­
served they calculated OH-solvent potential parame­
ters and found a linear correlation between the fre­
quency shifts at ambient pressure and the well depth 
of the interaction potential.

Schweizer and Chandler [16] established a model 
calculation within the framework of statistical me­
chanics of liquids which accounted for the density 
dependence of certain vibrational frequencies, and 
they evaluated for the hard-sphere model the repulsive 
solvent-induced force exerted on a solute molecule 
bond. Also using the hard sphere model, Zakin and 
Herschbach [17] provided an analysis of pressure- 
induced repulsive and attractive shifts for quasi- 
diatomic C -H  or O -H  stretching vibrations as a 
function of solvent density.

The purpose of the present study is to understand 
the shifts of the CH stretching vibrational frequencies 
and the changes in the anharmonicity constants of 
haloforms on the vapor-liquid phase transition by 
carrying out model calculations which are similar to 
those of Moon and Drickamer [11]. Detailed calcula­
tions were performed for chloroform by investigating 
various molecular arrangements in the liquid phase; 
the effect of pressure and temperature on the CH 
stretching vibration was also studied. The intermolec­
ular potential parameters and structural information 
were taken from the molecular dynamics simulation 
of Dietz and Heinzinger [18, 19], It is interesting to 
note that the frequency shifts could directly be ob­
tained from the molecular dynamics simulations if the 
molecules were regarded flexible, as was done, for ex­
ample, in the case of water [20] and methanol [21].

Fig. 1. Interaction between a CH oscillator and a halogen 
atom X. VM: Morse potential, Vu : Lennard-Jones potential, 
Vc: Coulomb potential.

Method of Calculation

In our model the total interaction energy in the 
liquid phase is taken to be equal to the sum of pair 
interactions between the molecules. As for the inter­
action between the hydrogen atom and its surround­
ings in CHC13, only the H • -CI intermolecular inter­
action is taken into account because CHC13 dissolved 
in liquid CHC13, CC14 and CFC13 shows experimen­
tally almost the same CH frequency shifts [9], indicat­
ing that they arise mainly from H • • • CI interactions.

The potential energy of the CH bond in the liquid 
phase is described as the sum of intra- and intermolec­
ular interaction energies. For the sake of simplicity, 
the procedure was developed first for the linear 
arrangement of a C -H  bond and a halogen atom 
(Figure 1). The total potential function (FCH) for this 
model can be written as

FCH= FM(r)+ FLJ(s)+ Kc(s), (1)

FM(r) being the intramolecular potential function of 
the gas phase CH quasidiatomic oscillator repre­
sented by the Morse function [22]

FM(r) = D { l- e x p ( - / i ( r - r cg))}2, (2)

where D is the bond dissociation energy referring to 
dissociation from the minimum of the potential en­
ergy and ß is a parameter expressing the width near 
the minimum of the potential curve (at reg). The inter­
molecular potential can conveniently be given as the 
sum of Lennard-Jones (Fu (s)) and Coulomb (Fc(s))
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potential functions:

(3)

*c(s) =(1H<1C\/s >
where s is the H-X distance, e the depth of the mini­
mum in the potential and qH and qcx are partial charges 
carried by the hydrogen and chlorine atoms, respec­
tively.

In equilibrium the first derivative of the total poten­
tial (lcH) with respect to r is zero, so one can write:
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for the Coulomb potential

si I si Vsi /  Vsi Vs
(6)

and for the Morse function

VM (r) = D ß2 (A r')2 -  D ß3 (Ar')3 + £  D ß4 (A r')4 + • ■ •,
(7)

where s1 = R — rei, Ar = r — rel, Ar' = r — reg. Whereas 
in the vapor phase the force constants of the CH bond 
depend only on the parameters of the Morse function,

in the liquid phase the following relationships are valid:

\/2kCH= \/2 k M+ \/2 k L} + \/2kc ,

0CH = 0M + 0LJ + 0C>
J CH =J M +7u c '

where k, g, and j  are the quadratic, cubic and quartic 
force constants, respectively. By using (5), (6) and the 
relationships [23]
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This equation can be solved by the method of suc­
cessive approximation for r, which gives the equilib­
rium bond distance in the liquid phase (rel). Equa­
tion (4) was also used to calculate rel as a function of 
the C • • X distance (R), which depends on the actual 
value of pressure and temperature.

In order to determine the force constants of the CH 
stretching vibration in the liquid phase the potential 
energy of the CH oscillator will be expanded in a 
Taylor series about the equilibrium distance. Then one 
has for the Lennard-Jones potential

24 V Sr4 (9)

the force constants arising from the Lennard-Jones 
and Coulomb potentials can be expressed as

1/2 f c u - ^ f f 78 — -  21

1/2 kc = Qh *?C1

4e
si

364 -5 6

Gc = 9ci
(10)

4 £
^  <1365 — 126

J c =
si

The expressions for the force constants resulting from 
the Morse potential also contain terms proportional 
to (rel — reg) (this is due to the fact that the parameters 
D and ß in (7) refer to the vapor phase):

1/2*m = Dß2- 3 D ß 3(r£l- r )  + 1/12D ß4(rel- r j 2,

gM---- 1/6( —6 Dß3+ \4Dß4(re - r eg)),

jM = l / \2 D ß \ (11)

In order to calculate the fundamental vibrational 
frequency (v) defined by v = w +  2 I ,  where co and X 
are the harmonic frequency and anharmonicity con­
stant, respectively, it is convenient to apply the dimen- 
sionless normal coordinate (q) system in which the 
potental energy can be written as

VCH = \/2hccoq2+ h c k 3q3+ h ck 4q4, (12)
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where oj, k3, and k4 are given in cm l. For a diatomic 
oscillator, q is given by the relation

AV/cm" AX/cm

Q
27TCCO Y "
N Ji +

1
m.

Ar, (13)

where mc and mH are the atomic masses of H and C, 
respectively. The relationship between the anharmonic 
potential constants (/c3,/c4) and the anharmonicity 
constant (X) can be expressed as [24]

X = 3/2k4_ — 15/c|/4a> . (14)

Our method can be summarized in the following 
manner. After calculating the force constants (k, g,j) in 
the internal coordinate system as the sum of different 
terms arising from the Lennard-Jones, Coulomb and 
Morse potentials ((10) and (11)) they are rewritten in 
terms of dimensionless normal coordinates [25] to ob­
tain co, k3, kA. Finally the anharmonicity constant is 
calculated (see (14)) in order to yield the fundamental 
frequency (v) by using the relation v = co + 2X.

Results and Discussion

a) Linear C -H  ■■■ CI Arrangement

The calculations were first carried out for liquid 
chloroform with the linear C -H  ••■CI arrangement 
shown in Figure 1. The intermolecular potential 
parameters for the H • • • CI interaction were those 
used by Dietz and Heinzinger in their molecular 
dynamics simulation [19]: s0 = 2.82 Ä, e —5.36 • 10~4 
mdyne • A, qu = 0.082e, gcl = — 0.087e. For the Morse 
potential parameters, ß and D values of 1.852 Ä-1, 
and 0.7959 mdyne • Ä were used [8], The intermolec­
ular H • • • CI distance (s) was varied in the range of 
2.5 Ä to 4.0 A in steps of 1.25 • 10"2 Ä, and at every 
given value of s the changes in equilibrium bond dis­
tance (Zl/'cq = /'c, — rcg), force constants and vibrational 
frequency on condensation were evaluated. The values 
for Arcq and Av ( = vliq — vgas) are plotted against s in 
Figure 2. As can be seen, the largest frequency shift 
( — 3.1 cm-1) is at a H • • CI distance of 3.5 Ä. This 
value seems to be small by comparison with experi­
ment ( — 14 cm-1); however, one must take into 
account that the hydrogen atom is subjected to the 
influence of not only one chlorine atom in the liquid 
phase, since up to s = 4.0 Ä three nearest neighbor CI 
atoms were found in the molecular dynamics simula­
tion [19]. Figure 2 illustrates that the direction of the

Fig. 2. Change in the vibrational frequency, anharmonicity 
constant and equilibrium bond distance of the CH stretching 
vibration of chloroform for linear C-H • -CI arrangement
versus intermolecular H • • CI distance (s). Av = vx — v :---- ,
AX = X , - X - -----and A r = r ^ - r -  • -•-• .

calculated vibrational frequency shifts is in agreement 
with the experimental observations if the H • • • CI dis­
tance is larger than 3.1 Ä, which is in agreement with 
the results of molecular dynamics simulation [19] and 
neutron scattering experiments [26]. These results 
showed the shortest H • • • CI distances to be in the 
range of 3 Ä to 3.5 A. It is also clear from the figure 
that at these distances the anharmonicity constant 
decreases on condensation in qualitative agreement 
with our earlier conclusion drawn from VPIE mea­
surements [8].

It is important to note that, based on the experi­
mental studies on the temperature [27, 28] and pres­
sure [29] dependences of infrared and Raman band 
peaks, the CH stretching frequency in liquid chloro­
form increases both with increasing pressure and tem­
perature. This is possible only when the equilibrium 
H ■ ■ • CI intermolecular distances are in the vicinity of 
"s" belonging to the minimum of zlv(s) function. This 
value is approximately 3.5 Ä in this very simple model, 
therefore in Table 1 the results of the calculations are 
reported for s = 3.5 Ä.

It is evident from Table 1 that there is a decrease of 
0.2 and 0.14% in the quadratic and cubic force con-
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Table 1. Calculated potential parameters and frequency 
shifts of the CH stretching vibration for different molecular 
configurations in liquid chloroform".

Vapor Liquid
Linear Conf. ab Conf. bb 
model

k [mdyne/Ä̂  
g [mdyne/Ä-]

5.460 5.449 5.440 5.431
-5.056 -5.048 -5.042 -5.036

j [mdyne/Ä3] 5.462 5.463 5.463 5.464
k3 [cm"1] 313.3-, 313.3 313.3 3 313.34
k4 [cm-1] 36.28 36.35 36.42 36.48
X [cm"1] -62.19 — 62.18 —62.19 — 62.19
Av [cm-1] -3.1 -5.81 — 8.23
Areq • 104 [Ä] 3.3 6.0 8.5

a The calculations were performed at the minimum of the 
zlv(s) function (see text). - b See Figure 6.

Fig. 3. Vapor-liquid shift of vibrational frequency and anhar­
monicity constant of the CH stretching vibration of fluoro­
form versus intermolecular H • • F distance (s). 
Av — vi — Vg: and AX = Xl — Xg: ---- .

stants, respectively, on condensation, which causes 
a red shift of 0.1% in the CH stretching vibration. 
The C -H  bond distance was found to increase by 
3.2-10"4 Ä in agreement with the conclusion of 
Moon and Drickamer [11] according to which the red 
shift in the frequency is accompanied by a lengthening 
of the bond distance. It is clear from Fig. 2 that with 
decreasing H • • CI distances the C -H  bond begins to 
shorten and the CH stretching frequency undergoes a 
blue shift at the same time. The difference in the 
H • • • CI distances at which the cross-over for Ar and 
zlv takes place is caused by the dependence of Ar on 
the first derivative of the potential (FCH), whereas Av 
includes terms arising from higher derivatives.

By using only the attractive part of the intermolec­
ular potential one obtains a shift of —4.84 cm - 1 in the 
CH stretching frequency, in good accord with the view 
that attractive forces result in red shifts [9-17], The 
absolute value of the anharmonicity constant was 
found to increase by 0.13 cm "1 on condensation. The 
repulsive forces resulted in a frequency increase of 
1.7 cm"1 and a 0.27 cm"1 decrease in the anharmonic­
ity constant. (Note that, whereas the effect of attrac­
tive and repulsive forces is additive in the case of 
frequency shift, (14) shows that the additivity does not 
obtain for the anharmonicity constant.)

In order to understand the different signs of the 
vapor-liquid CH stretching frequency shifts for 
CHC13 and CHF3 a calculation was performed for 
fluoroform by the method described above. In this 
case the approximation of considering only H • • F 
atom interactions still seems to be reasonable if one 
takes into account that the surface area of the hydro­

gen atom in fluoroform is only 4% larger than that in 
chloroform [30], This means that the hydrogen atom 
still "feels" mainly the effect of fluorine atoms in its 
immediate enviroment.

The intermolecular potential parameters used in the 
calculation are the following: s0 = 2.61 Ä,a = 2.61 10"4 
mdyne • Ä, qH = 0.0861 e and gF=-0 .189e [31]. The 
parameters of the Morse potential were calculated 
from the values of co and X, obtained from fundamen­
tal and overtone frequencies in the vapor phase [32] by 
the expressions [33]

hcco2 , ,,,
ß = (8n2cnX/h)112, (15)

where fi is the reduced mass of the diatomic oscilla­
tor. For the parameters ß and D, 1.743 Ä "1 and 
0.8916 mdyn • Ä, respectively, were obtained. The 
values of Av and AX for fluoroform are displayed as 
a function of s in Fig. 3; the curves are very similar to 
those obtained for chloroform (Figure 2). It can be 
seen that a blue shift is obtained if the H • • • F distance 
is smaller than 2.6 Ä. This is in agreement with the 
results of an MD simulation according to which the 
H -F  radial distribution function has its first maxi­
mum at 2.7 Ä [31]. Figure 3 also shows that the blue 
shift in the vibrational frequency should be accom­
panied by a decrease in the anharmonicity constant. 
Unfortunately, there are no experimental data avail­
able for comparison. The Lennard-Jones and Coulomb 
potentials as well as their sum (FLJ + C) for the H • • • F 
interaction are shown in Figure 4. At a H • • • F dis­
tance (~ 2.5 Ä) which corresponds to the minimum in 
VL]+C, the calculation gave a blue shift of 15 cm " 1. (In
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2.5 3.0 3.5 s/Ä

Fig. 4. Lennard-Jones (Vu) and Coulomb potentials (Fc) de­
scribing the interaction between H and F atoms in liquid 
fluoroform and their sum (FLJ+C) versus s.

passing we mention that the Lennard-Jones potential 
plays a less significant role in the vibrational fre­
quency shift than the Coulomb potential.) This indi­
cates that the average H • • • F distance corresponding 
to the closest approach of a hydrogen and fluorine 
atom is in the neighborhood of the minimum of the 
VLJ+C function and that it is significantly smaller than 
the distance at which the minimum in the Zlv(s) func­
tion is situated (~  3 Ä). Comparison of Figs. 3 and 4 
shows that the maximum red shift occurs at the in­
flection point distance of the potential function 
FLJ+C(sip), as was pointed out by Mentel and Luck 
[15]. However, the frequency shift is not equal to zero 
at the minimum of FLJ + C(smin) since, although the first 
derivative of Vu+C disappears at smin, the second 
derivative is positive and produces a blue shift. Thus 
the cross-over in the vibrational frequency shift occurs 
between sip and smin where the opposite effects of the 
first and second derivative of VLJ+C are equal to each 
other. Correspondingly, the statement that the blue 
shift is due to the predominance of repulsive forces 
[11] can be considered in this case as an oversimplifi­
cation since the interactions between the CH oscilla­
tor and fluorine atoms are attractive even in the range 
of blue shifts (see Figure 4).

The shapes of the Zlv and AX vs. s curves (Figs. 2 
and 3) are similar for CHC13 and CHF3, but they are 
shifted towards smaller intermolecular distances in 
the case of fluoroform due to differences in the van der 
Waals radii of the halogen atoms (1.47 Ä and 1.77 Ä

Fig. 5. Expected ranges of nearest neighbor H • ■ ■ X distances 
in liquid haloforms. ///: CHF3; =: CHC13; \\\: CHBr3.

for F and CI, respectively [30]). Furthermore, in the 
liquid phase the molecules are sitting at the minimum 
of the total intermoleclar interaction potential and the 
corresponding halogen-hydrogen distance (smin(Ftotal)) 
does not necessarily coincide with that of the mini­
mum of the hydrogen • • • halogen interatomic poten­
tial (smin(FLJ + c)), which governs the magnitude of the 
vapor-liquid phase transition shift of the CH stretch­
ing vibrational frequency. The difference between 
these distances changes with halogen substitution and 
increases with increasing van der Waals radius of 
the molecules. A change of this sort can be expected 
to be significant in the case of CHF3 and CHC13 
because their van der Waals volumes are 25.38 
and 43.5 cm3 • mol-1, respectively; this means that 
Smin^Lj + c) and Smin (F;otal) are much closer to each 
other in CHF3 than in CHC13. This suggests that the 
Ax and AX vs. s functions for bromoform will be shifted 
to longer intermolecular distances and the 
difference between the distances corresponding to the 
minimum in Vu+C and Vtolai will increase as compared 
with CHC13. Since the van der Waals radius of the 
bromine atom (1.85 Ä) is not much larger than that of 
the chlorine atom (1.77 Ä) the change will be much
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smaller than that found between fluoroform and 
chloroform. Accordingly, the shortest H • • • Br dis­
tances are expected to be larger than that of the mini­
mum of the Zlv(s) function, which would qualitatively 
explain the different direction of the change in the an- 
harmonicity constants of the CH stretching vibration 
for chloroform and bromoform on condensation. For 
illustration, the relative positions of the hydrogen-halo­
gen atom distances of the closest neighbor molecules 
are displayed schematically in Figure 5. It can be seen 
that for CHCI3 the anharmonicity constant decreases 
whereas for CHBr3 it increases during the vapor-liquid 
transition, in agreement with what was observed exper­
imentally [8], Unfortunately, a potential describing the 
interaction between the hydrogen and bromine atoms 
of bromoform is not available; therefore a calculation 
for bromoform is not possible at present. It would also 
be interesting for checking the validity of our simple 
model to determine the pressure dependence of vCH in 
liquid CHBr3 and to see whether with rising pressure 
first a minimum in red shift and then a blue shift can be 
observed.

b) Systems Consisting of Two CHCl3 Molecules; 
Pressure and Temperature Dependence of vCH

A better agreement with the experimental frequency 
shift of the vCH vibration of chloroform can be ex­
pected by considering the effect of not only one but all 
three CI atoms of an adjacent chloroform molecule on 
the CH oscillator. Two plausible molecule orienta­
tions were investigated: the staggered configuration 
(Fig. 6 b) and another one which can be derived from 
the staggered configuration by shifting the center of 
the second molecule so that the C -H  axis will be in 
line with the chlorine atom Clx (Figure 6 a). Of course, 
we do not claim that only these two configurations 
exist in liquid chloroform or that they represent the 
most probable orientations. Since there is more than 
one CI atom interacting with the C -H  bond, the force 
constants can be rewritten as

l/2/cCH = l/2/cM + l/2 i  (kLJ+M ,-, 
i = 1

9c» = 9m+ i  (<7lj + 9c)i, i = 1
(16)

je h :j\i + x  o lj +7c)/ •i = 1
In the calculation, the projection of the forces acting 
between the hydrogen and chlorine atoms to the line

Fig. 6. Two possible orientations -  used in the model calcu­
lations of adjacent chloroform molecules in the liquid 
phase.

of the CH bond was considered. The shifts in the 
harmonic and fundamental frequencies are shown as 
a function of s in Figure 7. (It should be noted that s 
corresponds to in Fig. 6, which is equal to s2 and s3 
in the case of the staggered configuration (Figure 6 b); 
for the configuration shown in Fig. 6a, s2 and s3 are 
determined by the geometry of the molecule.) In the 
case of configuration "a" the Av function has a mini­
mum of — 5.8 cm " 1 at sy = 3.46 Ä, and in the case "b" 
the value of the minimum is —8.2 cm-1 at s = 3.55 Ä. 
The agreement with experiment ( — 14.0 cm-1) is 
reasonable; the results of the calculations carried out
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Table 2. Calculated pressure dependence of the CH vibra­
tional frequency in liquid CHC13 for the configuration shown 
in Figure 6b.

p Q s Av = Vl ~Vg
[kbar] [g/cm3] [Ä] [cm"1]

0.5 1.520 3.52 -8.22
1.0 1.580 3.48 -8.13
1.5 1.620 3.45 -8.00
2.0 1.655 3.42 -7.88
2.5 1.680 3.41 -7.81
3.0 1.707 3.39 -7.64
3.5 1.735 3.37 -7.43
4.0 1.755 3.36 -7.31
4.5 1.775 3.34 -7.18

Table 3. Calculated temperature dependence of the CH
vibrational frequency in liquid CHC1, for the configuration
shown in Figure 6 b.

t K s Av
[°C] [cm3/mol] [Ä] [cm"1]

30 81.18 3.56 -8.23
40 82.25 3.58 -8.22
50 83.36 3.59 -8.21
60 84.80 3.61 -8.18

at the minimum of the Jv(s) function are presented in 
Table 1. It can be seen that similarly to the linear 
arrangement the quadratic and cubic force constants 
decrease while the quartic force constant practically 
does not change on condensation.

Since there are experimental data available in the 
literature on the pressure [29] and temperature [27, 28]

dependence of the CH stretching frequency of chloro­
form. a comparison with calculated values can be ex­
pected to be a sensitive test of the validity of the 
approximations employed in our model calculations. 
It has been assumed that only the intermolecular dis­
tances change with pressure or temperature but not 
the orientations of the molecules. The density of liquid 
chloroform is known in the 0.5-4.5 kbar pressure 
range [34], and the intermolecular H • • • CI distance (5) 
was determined from the molar volume (F) through 
the relationship

s;P = (VP/V0)ll3s0 , (17)

where sP and VP belong to pressure P while s0 and F0 
refer to ambient pressure and temperature. The calcu­
lations were carried out for the molecular configura­
tion shown in Fig. 6b; the frequency shifts obtained 
for particular pressures are collected in Table 2. The 
vCH of CHCI3 in the liquid phase increases with rising 
pressure and the pressure dependence calculated from 
Table 2 (0.23 cm- Vkbar) js jn good agreement with 
that observed (0.2 cm" J/kbar) in the pressure range of 
0 9 kbar [29],

In order to investigate the temperature dependence 
of vCH. the molar volume of liquid chloroform [35] and 
(17) were used to obtain the intermolecular H - C l  
distances. The calculated vibrational frequency shifts 
are reported in Table 3. It was found by Raman spec­
troscopic measurement that the frequency of the CD 
stretching vibration shifts to the blue with increasing 
temperature by about 0.020 cm "l/°C around room
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temperature [27], This is in good agreement with the 
value of 0.024 cm "7°C for the CH vibrational fre­
quency estimated from the temperature dependence of 
infrared band peaks [28]. Although the temperature 
dependence calculated from Table 3 (0.002 cm-1/°Q 
is small by comparison with experiment, the direction 
of the shift agrees with the experimentally observed 
one. A possible reason for the poor agreement may be 
that in this case the neglect of any orientational change 
in the liquid presumably causes a larger error than in 
the investigation of pressure dependence. The increas­
ing temperature does not result only in a change in the 
intermolecular distances but it also affects the hindered 
rotational motions and thus the relative orientations 
of the molecules; these may signflcantly modify the 
average effect of the intermolecular interactions. The 
fact that the increase in T or p causes the CH vibra­
tional frequency shift to the blue in liquid chloroform 
-  while the intermolecular H • • • CI distance (s) in­
creases in the first, but decreases in the second case -  
suggests that the average, shortest H • • • CI distance at 
ambient temperature and pressure coincides with that 
of the minimum in the Zlv(s) function, as has already 
been indicated in the previous section.

c) Quasi-crystalline Arrangement 
in Liquid Chloroform

In this case it is assumed that the average molecular 
short range order arrangement in liquid chloroform is 
similar to that of the solid.

The structure of solid chloroform, which forms a 
Pnma lattice, is known from X-ray diffraction [36] (see 
Figure 8). The X-ray data were treated by a molecular 
graphics program on an IBM PC, and the cartesian 
coordinates of a central molecule and its first 12 neigh­
bors were calculated. For simplicity the coordinate 
system has been defined in such a way that the C atom 
of the central molecule is positioned at the origin and 
the H atom in the positive x direction.

In the calculations only the effect of three nearest CI 
atoms has been taken into account. Using the inter­
molecular distances in the solid phase, a blue shift of 
12.6 cm-1 was obtained instead of the experimentally 
observed red shift of 20 cm"1 [37], The lack of agree­
ment is not unexpected since molecular dynamics 
simulations of other liquids, mainly water [38], have 
indicated that an effective intermolecular potential 
which performs reasonably well in liquid phase does 
not necessarily give good results in the solid phase too.

Fig. 9. Dependence of vapor-liquid shift in the vibrational 
frequency of the CH stretching vibration of chloroform 
(/jv = Vj — vg) on intermolecular H • • • CI distance for the quasi- 
crystalline structure in the liquid phase.



58 K. Töth and G. Jancsö • Vapor-Liquid Frequency Shift of CH Vibration of Chloroform and Fluoroform

Judging from experimental neutron scattering [26] 
and molecular dynamics simulation studies [18, 19] 
the C • • • C distances in liquid chloroform are between 
4.65 and 7.4 Ä at room temperature. The zlv(s) func­
tion resulting from the calculation carried out for this 
range of C • • • C distances is shown in Figure 9. It can 
be seen that the maximum in the red shift (~ 7 cm" 
is at H • • • CI distances where three nearest neighbor 
chlorine atoms around the hydrogen of the central 
molecule were found by MD simulation [18, 19].

Conclusion

Model calculations on the vapor-liquid shift of the 
frequency of the CH stretching vibration of haloforms 
have shown that the curves describing the dependence 
of the shifts on the intermolecular H ■ • • X distances 
have a similar shape for fluoroform and chloroform. 
However, the zlv(s) curve for chloroform can be found 
at larger distances than that for fluoroform; this find­
ing is in accordance with the different atomic radii of 
the two halogen atoms. In order to be consistent with 
the experimentally observed frequency shifts it must 
be assumed that the shortest H • • • X distances occur 
around the distances corresponding to the minimum 
of zlv(s) and FLJ+C(s) curves in the case of CHC13 and 
CHF3, respectively. The difference between the short­
est H • X distance determined by the total inter­
molecular potential energy in the liquid phase (Flotal) 
and the position of the minimum in the interatomic

H ■ • • X potential function Vu + C-  which is responsible 
for the vapor-liquid shift of the CH vibrational fre­
quency -  increases with increasing radius of the halo­
gen atoms. Thus one can expect that in liquid bromo­
form the shortest H • • • Br distances are larger than the 
distance corresponding to the minimum of the Zlv(s) 
function of bromoform, this situation leading to an 
increase in the anharmonicity constant on conden­
sation along with a red shift in the CH vibrational 
frequency (see Figure 5).

The detailed analysis carried out for the pressure 
and temperature dependence of AvCH in liquid chloro­
form has given good agreement with the experimental 
pressure dependence, but only qualitative agreement 
has been obtained with the observed temperature de­
pendence.

It seems safe to conclude that the interaction be­
tween the Morse potential of the CH stretching vibra­
tion of haloforms and the halogen atoms of the neigh­
bor molecules as given by the interatomic hydrogen- 
halogen potentials used in molecular dynamics simu­
lations describes surprisingly well the experimentally 
observed shifts in the vibrational frequency and an­
harmonicity of the CH stretching vibration on con­
densation.
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