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Intermolecular interaction of carbon disulfide under pressure
(high presssure and effective negative solvation pressure)

Y. Ishibashi, T. Mishina, andJ. Nakahara*
address Division of Physics, Hokkaido University, Sapporo 060-081, Japan
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Raman spectra of liquid carbon disulfide (J3vere measured under high pressures and in dilution with
ethanol and with heptane. The pressure and concentration dependences of molecular vibratian modes
and 2., of CS; are discussed. The intermolecular distance changes simultaneously with concentration and
pressure. In addition, dilution also varies the environment around then@fecule. The derivative of
intermolecular interaction energy is obtained from the frequency shift from gas phase to liquid phase of

and 2/, vibrations. The results show that dilution acts as negative pressures effectively, where the inter-
molecular distance between €8olecules increases in the mixing of ethanol and heptane. This effective
pressures and pressures give the change in intramolecular double bond betwen carbon and sulfur atoms. But
these give different effect for the damping of vibrations.

Copyright line will be provided by the publisher

1 INTORDUCTION

The Raman shift of libratinal mode in liquid G®inder high pressure and in dilution with ethanol was
measured [1, 2, 3]. The result shows that the restoring force of orientation of molecule increases with
increasing pressure because of the stronger intermolecular interaction [5, 6].

Pressure and dilution are used in studies of the liquid state. Their principal effect is to change inter-
molecular distance and intermolecular interaction systematically. Especially dilution varies the micro-
scopic environment because £8olecules are replaced by the solvent molecules. We measured Raman
spectra of the,; and 2/, bands in liquid C$ under high pressure and in dilution with ethanol and with
heptane to investigate intermolecular interaction. Fheibration is the stretching mode. Thexvibra-
tion is the first Raman active overtone of the bending mode. Further for investigating the intermolecular
interaction in detail in liquid, CSis a good molecule because €S- intramolecular double bond has
large dipole moment 2.6 [D] [4]. The intermolecular interaction poterifibletween a CSmolecule and
its neighboring molecules is resolved into the summation of four contributions: electrostatic, induction,
dispersion, and repulsion. Pressure changes the intermolecular distance. On the othep sitdeQ8es
make place for solvent molecules in dilution. Dilution changes the value of the dipole moment and the
polarizability of neighboring molecules. We will show that the change of the derivative of intermolecular
interaction potential and that the effective pressure is negative under dilution with ethanol and heptane.

2 EXPERIMENTS AND RESULTS

Carbon disulfide is a linear molecule like @@nd crystallizes at1.3 GPa (at room temperature)-ol73
K (at atmospheric pressure). We measured polarized Raman scattering spectrainfi@igh pressures
and in dilution with ethanol and with heptane. The hydrostatic pressure was applied in a diamond anvil
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cell (DAC) up to 1.3 GPa, and pressures are determined using ruby scale. The 488 nm lifelasexr
(NEC, GLG 3480) was used as an excitation source for the measurement.

Typical spectra of the; and 2/, vibrations are plotted in Fig. 1. In Fig. 1 a) the band ofth&ibration
shifts to higher frequency and broadens as the pressure increases and does not change in dilutign. The 2
band is drawn in Fig. 1 b). The satellites on the high frequency sides have been assigned to hot band
transition from excited level of the, andr; modes [7]. In dilution and under high pressures, the band of
2v, vibration shifts and broadens.
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Fig. 1 Polarized Raman spectramf vibration and 2, vibration of CS at 0 GPa and 0.66 GPa, dilution with ethanol.
a) v, vibration and b) 2, vibration.
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Fig. 2 The number density dependence of observed frequencies-of@ration and b) 2 vibration in liquid CS.
The peak frequencies, where the number density is less than 18, mre measured by dilution with ethanol. The
peak frequencies, where the number density is larger than 16 rame measured under high pressure.
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The observed peak frequencigsand 2, are plotted against number density in Fig. 2. We measured
the X-ray scattering function for liquid Ginder high pressure at room temperature and obtained the peak
of correlation function which is ascribed predominantly to sulfur and sulfur interactions from neighboring
molecules. The number density under pressure is estmated from the values of peaks of correlation function.

The peak frequencies of GSwhere the number density is less than 10mare measured in dilu-
tion. The peak frequencies, where the number density is larger than 19, mme measured under high
pressure. Figure 2 shows that the peaks;dbands shift to higher frequencies under pressure (at the rate
1.1 cnm'/nm~3) in dilution (ethanol: -0.07 cm'/nm~3, heptane: -0.17 cm'/nm~3). Increasing pressure
takes(v1 ), closer to the gas-phase frequency of 664.27 t8]. As one can see in Fig. 2, there is almost
no difference between dilution with ethanol and heptane. The peak frequenciest&rzis decrease with
pressure (-1.7 cm!/nm~3) and increase with dilution (-0.51 cmi/nm~2). Decreasing dilution, the peak
frequency of(21,), is closer to 795.50 cm' of gas phase [8].
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Fig. 3 half-band width of a); band vibrations and B, band vibrations

The half-bandwidtfd, of v, band and of 215 band are drawn in Fig. 3. Especially the half-bandwidths
are estimated from the low-frequency half of the band. The bandwidth increases under high pressure, but
there is almost no change in dilution. The time constarfor the relaxation of the vibrational phase is
obtained from the half-bandwidth by the equatior, = 1/2x¢6;. The dephasing time, is proportional
to 1/n, wheren is the viscosity of fluid. The dephasing time depends on the frequency and violence of
collisions. Sometimes broadening occurs because energy is transferred between molecules by the interac-
tion of dipoles. Viscosity; of CS;, ethanol and heptane is 0.37, 1.19 and 0.41 [cP] respectively [9]. The
viscosity increases with pressure increases. Carbon disulfide freezes around 13 GPa at room temperature,
where the viscosity is about 10 times the viscosity at 0 GPa [9]. There is almost no change of viscosity in
dilution. Figure 3 shows that the change of bandwidth reflects that of viscosity of liquid.

The frequencies free of Fermi resonance are needed to discuss the effect of intermolecular interaction.
It occurs when two molecular vibration modes of same symmetry are coupled by anharmonic part of
HamiltonianH,. The frequency separatiah = 21, — v is obtained from observed frequencigs 2v,

[10] as following

A= (A +4W?)E, (1)

whereA = (2u2)o — (1)o is the separation of the resonance-free leviéls= (v |H,[¢3,.) is the ma-
trix element of Fermi resonance a#kj is anharmonic part of Hamiltonian. The perturbed wave functions
can be expressed as a linear combination of harmonic wave functions.

(© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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wvl = 51/}31 - “/’(2)1/27 ¢2V2 = t¢21 + Swsz . (2)

The values of §” and “t” can be expressed as

2, A+4 , A—A

NN 3)

Here,IW and A, are estimated to be 28.5 crhand 129.5 cm! [2]. The gas-phase frequencies give
W9es= 28.6 cnm! and AJ**=132.0 cnt! [8]. The good agreement between the vallieand W 9¢¢
confirms thatiV is little affected by interaction antd’ is assumed to be independent of pressure. The
resonance-free frequencies ), and(2v»), are calculated from the equations

A— (A2 —4W?)2

A — (A% —4W?)2
2 ’ ‘

2

(r1)o=v1 + (2v2)0 =215 — (4)

3 DISCUSSIONS

The frequency shift of a molecular vibration from gas phase to the liquid phase has been explained as a
combined effect of molecular anharmonicity and interaction potential, using a simple model with a single
vibration. The vibrational Hamiltonian of a molecule in the liquid phase is

H:H0+Ha+U, (5)

whereH, and H, are the harmonic and anharmonic parts of the Hamiltonian of an isolated molecule and
U is the intermolecular interaction potential between, @8d neighboring molecules. The intermolecular
interaction energy/ between a single GSmolecule and neighboring molecules may be resolved into the
summation of four contributions: electrostatic, induction, dispersion, and repulsion. The four contributions
of the interaction energy between £®olecule and neighboring molecule are expressed:

¢¢l _ HCsy i g ¢znd _ O[CS2/”L12
! dregR3" ‘ (47eg)? RS’
» 3lcs, I; aos, C;
dis CSa4d CSy Xy rep i
. - . and ¢, = —. 6
¢)1 2([@52 +Ii) (47T60)2R?’ ¢l RZG ( )

Here«, p and I are the polarizability, dipole moment, and ionization energy of the béhds the
intermolecular distance between the two moleculesgnd geometric factor of describing the relative
orientation of the two molecules.denotes neighboring molecules.

In case that/ and H,, are perturbations affy, the frequency shift from gas phase to the liquid phase of
CS; is described by second-order perturbation theory [2, 11]. The frequency shift,afil@er pressure
is obtained from the experiment by Ikawtal. [2] as follows,

s 1q 8U(0)
Aln)e = 7)) — (119 = —0.082 y + A, (7)
1
and
L U
A)y = (204" — (205 = 0.128 9 +0.81A,. (8)
1
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Here, (v1)o = 664.27 cm™~! and (2v2)y = 795.50 cm~! are the frequencies of gas phase axglis
positive constant which consists of higher order derivatives of the intermolecular interaction pdfential
The frequency shift depends on the derivative of intermolecular interaction pot@iitidll/ dq; . The value
of oU® /9q; andA,, calculated from Egs.(7) and (8) are plotted against number density-0hGSg. 4.
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the intermolecular interaction potential

As shown in Fig.4, the values fU(?) /dq; increases under high pressure and in dilutiof(?) /0q,
corresponds to force which is caused by the intermolecular interaction in liquid. Pressure shortens inter-
molecular distance between £€8nd neighboring moleculds;. Dilution changes the environment around
CS, molecule, because G®olecules are replaced by the solvent molecules that have smaller dipole mo-
ment. Ethanol is a polar molecule with a large dipole momeat{....;.=1.4 [D]). Heptane has no dipole
moment. The dipole moment'G:S~ of intramolecular bond of CSis larger than heptane and ethanol.

The parameters;, o; and R; in Eq.(6) are independent of coordingteof the CS molecule. The effects

of electrostatic energy, induction energy, and dispersion energy betweerndSs are stronger than those
between C$ - solvent molecule. Dilution not only changes the number of solvent molecules around the
CS, molecule but also weakens intermolecular interaction potential. Figure 4 shows that the derivative
of intermolecular interaction to grows intense, as the number density rises from 2.5 to 1227 Ditu-

tion and pressure influence the intermolecular interaction potential. The values of electrostatic, induction,
dispersion energy between €%thanol are less than that between &S, in Eq.(6).

Figure 4 shows that the values of the derivative of intermolecular interaction potential increase with
increasing C$ density. The rate in liquid GSunder high pressure is larger than in dilution. But it has
smaller change in both GSand its dilution liquid than that under pressure. The valu@BGt® /dq;
is influenced by intermolecular distanég rather than the parametgr anda;. It is considered that the
effect of intermolecular interaction potential in dilution is less than that at atmospheric pre®§(ite/0q;
corresponds to force which is caused by the intermolecular interaction in liquid and indicates the intensity
of the intermolecular interaction between £&hd neighboring molecules. As the mole fraction ok @8
the solution decreases, the valueddf(?) /dq; gets smaller. The roles of these solvent are to change the
microscopic environment around g€8olecule and to weaken the storong interaction betweena®8
neighboring molecules. Dilution makes the intermolecular interaction weaker than at 0 GPa. Solvation
seem to behave like pressure as a kind of parameter. The effective negative solvation pressure is considered
to be generated by dilution in the region where the valu@ldf) /g in dilution is less than that of pure
CS, at 0 GPa. Results indicate that dilution controlled the intermolecular interaction like real pressure and

effective negative solvation pressure was generated by dilution because pressure and dilution changes the
environment around GSnolecule.

(© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The deformation of the geometry induced by intermolecular interaction is described by second-order
perturbation theory[2, 11]. The changel of the C = S bond length from the length in gas-state to it in
liquid-state is

2 1 (0)
Ad:1< h )aU ©)

wi \ 8m2cwimsg Oq1 ’

whereh is Planck’s constant,, the harmonic frequency in wave numbethe speed of light in vacuum,
andm, the mass of the sulfur atom. Tkl , which is calculated from the vaIues@U(U)/aql in Figure4,
is plotted in Fig. 5.
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The shrinkage from the gas-phase bond length increases with increasing number density THi€S
value rises).2 x 1073 t0 2.6 x 10734 as the number density rises from 2.5 to 12.7Ann mixture
with heptane. C = S bond length changes in dilution and under pressure. It is considered that the C =
S bond length is influenced by the microscopic environment and the intermolecular interaction potential.
Its conponents are electrostatic energy, induction energy, dispersion energy and repulsion energy, whose
effects vary with pressure and dilution.

4 CONCLUSION

The vibrational frequencies were measured under high pressure and in dilution with ethanol and with
heptane, to change the intermolecular distance efrf@8ecules systematically. We obtained the derivative

of intermolecular interaction potential and the change of C = S bond length from the frequency shift from
gas phase to liquid phase of and 2/, vibrations as a function of number density of C®ilution varies

the microscopic environment and changes the effect of the intermolecular interaction potential like real
pressure. The interaction between,GBolecules is extremely stronger than that between @8lecule

and ethanol or heptane. It is considered that dilution acts like real pressure and this effective negative
solvation pressure was generated by diluting @&h ethanol and with heptane.
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