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h i g h l i g h t s

� The Raman frequencies of the modes I, II and III are calculated in phase II of benzene.
� Frequencies are calculated at various pressures at T = 300 K (I, II) and 450 K (III).
� The observed volume data are used to calculate the Raman frequencies.
� The mode Grüneisen parameters decrease as the pressure increases.
� Calculated frequencies are in agreement with the observed data at low pressures.
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a b s t r a c t

We study here the pressure dependence of the Raman frequencies for different modes in phase II of
benzene at constant temperatures. By using the experimental data for the volume, we calculate the
Raman frequency as a function of pressure at constant temperatures through the isothermal mode
Grüneisen parameter for the modes studied. Our calculations show that the Raman frequencies predicted,
agree well with the observed frequencies for the modes in phase II of benzene. The isothermal mode
Grüneisen parameter decreases with the pressure for the Raman modes studied at constant temperatures
for benzene II.

� 2014 Elsevier B.V. All rights reserved.

Introduction

Benzene is an organic chemical compound with the molecular
formula C6H6. Its molecule is composed of six carbon atoms joined
in a ring with one hydrogen atom attached to each carbon atom.
Because its molecule contains only carbon and hydrogen atoms,
benzene is classified as a hydrocarbon.

In benzene as the prototype of the aromatic compounds, the
stability of the aromatic ring requires pressures of some tenths of
gigapascals and/or temperatures as high as hundreds of degrees
Celcius for the reaction to occur [1]. So, benzene is one of the
famous aromatic compounds for testing the stability of the crystal-
line forms.

Benzene has five different solid phases, namely, phases I, II, III
[2,3], III0 and IV [1,4,5]. Phase I occurs at normal pressure below
278.5 K and it has an orthorhombic Pbca structure. In its solid
state, it is transformed into the phase II at 1.2 GPa at 373 K [2].
Phase II has monoclinic P21/c structure. The transition line

between phases II and III is roughly parallel to the temperature axis
up to the point T3 (340 �C and 5.1 GPa) (Fig. 1) and does not cross
the melting line at the triple point T2. Then, this transformation
line diverges towards the higher pressures up to the point B
(470 �C and 8.0 GPa). Phase III with the P21/c monoclinic structure
exists at 373 K and at about 4 GPa. Up to 11 GPa at 25 �C, Phase III0

occurs which has the same structure as phase III. The transition
line of benzene III–III0 is between 11 GPa at 25 �C, 12 GPa at
410 �C and it ends at point C (12 GPa, 410 �C), as reported in Ref.
[1]. Phase IV appears at 24 GPa. Starting from the existence of
the triple point T2 (335 �C and 2.25 GPa) and from this slight diver-
gence of the phases II to III equilibrium line, T3 can be considered as
a triple point. Beyond C, benzene goes into an irreversible transfor-
mation, for this reason point C is not a triple point. Apart from the
points A, B and C, point D is located at 25 �C with the 24 GPa pres-
sure. High pressure solid phases of benzene have been observed by
Raman scattering [1,4], X-ray diffraction [4,5] and infrared [6–11].
A chemical transformation of benzene under static pressurization
to 30 GPa has been obtained by the infrared spectroscopy [12].
Recently, using X-ray Raman spectroscopy the pressure-induced
phases of benzene have been investigated [13]. Various
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experimental techniques have also been applied to investigate the
phase transitions in benzene. High-pressure benzene amorphiza-
tion has been studied [14–16].

Theoretical models have been used under the shock wave con-
ditions to investigate the decomposition [17], dimerization and
polymerization [18,19] in benzene. High-quality polymeric materi-
als have been obtained under high pressures [16,20]. Above
20 GPa, static high-pressure experiments have been performed
[1,5,11,14,21,22]. In regard to the high pressure studies in benzene,
in our recent works [23,24], we have calculated T–P phase diagram
of benzene on the basis of the mean field theory using the experi-
mental T–P phase diagram [1].

Thermodynamic properties of benzene have been studied both
experimentally and theoretically. The thermal conductivity and
heat capacity of the solid phases I and II in benzene have been
measured [25]. Volume was also measured as a function of pres-
sure in the solid and liquid phases of benzene [26]. Near the melt-
ing point, thermal expansivity was measured in benzene [27].
Using the experimental data for the thermal expansivity [27], we
calculated the molar volume as a function of temperature [28]
and pressure [29] close to the melting point in benzene. On the
basis of this experimental data [27], we have also established the
Pippard relations [30] near the melting point in benzene in our
recent study [31]. In particular, for the solid phase II of benzene,
we have calculated the pressure dependence of the thermody-
namic quantities such as the thermal expansivity, isothermal com-
pressibility and the heat capacity recently [32] by using the
experimental data [5].

Spectroscopic studies on the phase transition of the solid phases
and also close to the melting point in benzene, have been reported
in the literature, as stated above. Infrared [5,8,11] and Raman
[1,4,33–35] studies have focused on the solid phases of benzene.
In our recent study [36], we have calculated the pressure depen-
dence of the isothermal compressibility for the solid phase II of
benzene using the observed infrared frequencies [5]. Also, very
recently, we have calculated the Raman frequencies of various lat-
tice modes as a function of temperature [37] and pressure [38] in
phase I, and in solid phases of II and III(III0) of benzene [39]. Near
the melting point, we have calculated the Raman frequencies of
various modes as a function of pressure at constant temperatures
[40].

In this study, by means of the correlation between the vibra-
tional frequencies and the crystal volume we determine the pres-
sure dependence of the isothermal mode Grüneisen parameter cT

for the three phonons at constant temperatures of 300 K (two

phonons) and 450 K (one phonon) in the solid phase II of benzene.
For this determination of the cT values, we use the observed infra-
red [5], Raman frequencies [11] and volume data [4]. Using the val-
ues of the isothermal mode Grüneisen parameter of those Raman
modes and the volume data [4], we then predict the Raman fre-
quencies of three phonons studied in the solid phase II of benzene.

Below, in Section ‘Calculations and results’ we give our calcula-
tions and results. A discussion of our results is given in Section ‘Dis-
cussion’. Finally, we give our conclusions in Section ‘Conclusions’.

Calculations and results

The Grüneisen parameter that measures the anharmonicity due
to the volume dependence of the vibrational frequencies can be
defined as

c ¼ �d ln#=d ln V ð1Þ

where # is the frequency and V is the crystal volume. As a function
of temperature at constant pressure, the isobaric mode Grüneisen
parameter cP can be defined as

cP ¼
V
#

ð@#=@TÞP
ð@V=@TÞP

ð2Þ

The isothermal mode Grüneisen parameter cT can also be
defined as

cT ¼ �
V
#

ð@#=@PÞT
ð@V=@PÞT

ð3Þ

when both the frequency # and volume V depend on the pressure P
at a constant temperature T.

Analysis of VT(P)

The crystal volume as functions of temperature and pressure
can be expressed as

VðP; TÞ ¼ a0ðTÞ þ a1ðTÞP þ a2ðTÞP2 ð4Þ

where the coefficients a0, a1 and a2 are all temperature dependent,
in general. Here by using the experimental data for volume [4] at
various pressures (T = 300 K) for phase II of benzene, the values of
a0, a1 and a2 were determined, as given in Table 1. Values of those
coefficients were then used to obtain the isothermal mode Grünei-
sen parameter cT for the Raman modes at various pressures
(T = 300 K).

Analysis of #(P)

The temperature and pressure dependences of the frequency
can be analyzed according to the relation

#ðP; TÞ ¼ b0ðTÞ þ b1ðTÞP þ b2ðTÞP2 ð5Þ

where b0, b1 and b2 are the coefficients determined by using the
experimental data. Those coefficients are the temperature depen-
dent in general as in the volume (Eq. (4)). Values of the isothermal
mode Grüneisen parameter cT for the Raman modes of I, II and III
were then determined using the values of b0, b1 and b2, as given
in Table 2. So, the vibrational frequency can be calculated as a func-
tion of pressure at a constant temperature using the volume data.
Thus, the pressure dependence of the frequencies for the Raman
modes I, II (300 K) and III (450 K) were obtained for the solid phase
II of benzene using Eq. (3) according to the relation,

#TðPÞ ¼ AðPÞ þ #0 exp½�cT lnðVTðPÞ=V0Þ� ð6Þ

In Eq. (6), #0 and V0 represent the Raman frequency and volume at
ambient conditions, respectively. #0 was taken the extrapolatedFig. 1. Phase diagram of benzene [1].
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