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The Raman active inter- and intramolecular vibrations of the ['Hjo]- and [2Hjo]p-xylene crystals were studied under
various pressures between 1 atm and 7.5 GPa. The pressure effect of the frequency of the Raman bands due to the
intermolecular vibrations indicates that the coupling between the intramolecular torsional vibration of the methyl group
and the intermolecular rotational vibrations takes place under about 1 and 2.5 GPa in the ['Hjo]- and [2H10]p-xylene
crystals, respectively. The calculated pressure-induced frequency shift of the intramolecular vibrations explains fairly well
the observed frequency shifts and supports the conclusion given in the previous work that the contribution of the first-order
differential of the intermolecular potential to the pressure-induced frequency shift is vanishingly small when the potential

is well approximated.

The study of the temperature effect on the low-frequency
Raman bands of the four deuterated p-xylene crystals showed
that the low-frequency Raman spectra of the p-xylene crys-
tals, where two methyl groups are CHj;, gave essentially the
same spectral structure under various temperatures between
0 °C and 77 K, while the low-frequency Raman spectra of
the p-xylene crystals, where two methyl groups are CDjs,
gave very complex structure below —80 °C." The complex
spectral structure observed for the p-xylene crystals having
two CDj3 groups was attributed to the coupling of the inter-
molecular rotational vibrations with the intramolecular CDs
torsional vibration."

In this work the Raman bands due to the inter- and in-
tramolecular vibrations of the ['Hjol- and [*H;o]p-xylene
crystals are studied under various pressures from 1 atm to 7.5
GPa and the pressure-induced coupling of the inter- and in-
tramolecular vibrations and the pressure-induced frequency
shift of the intramolecular vibrations are discussed.

Experimental

Material. [lHlo]— and [2H10] |p-xylenes were obtained from
Tokyo Kasei Chemical Co. and MSD Isotopes, respectively. The
samples were purified by repeated distillations under reduced pres-
sure. ‘

Optical Measurement. The Raman spectra of the inter-
and intramolecular vibrations were measured with a JEOL 400T
laser Raman spectrophotometer under various pressures from 1 atm
(1x10~* GPa) to 7.5 GPa at 300 K by the backscattering observa-
tion method. The 514.5, 496.5, 488.0, and 476.5 nm beams from an
Ar* jon laser of Spectra Physics 168B were used for the excitation.
A diamond anvil cell obtained from Toshiba Tungaloy Co. was used

for the measurement of the Raman spectrum under high pressure.
The experimental methods are exactly the same as those described
previously.” The pressure inside the gasket hole was determined
by measuring the wavelength shift of the R; fluorescence line at
694.2 nm emitted from the ruby chips using the equation proposed
by Mao et al.” The pressure inside the hole was confirmed to be
hydrostatic by observing the shapes of the R; and R; (692.7 nm)
fluorescence lines emitted from ruby.

Results and Discussion

Pressure Effect on the Intermolecular Vibrations. The
crystal structure of p-xylene belongs to the space group C3,
with two molecules in the unit cell? and the six rotational
intermolecular vibrations are distributed among the A; and
B, symmetry species as 345 +3B,:. The assignment of the
Raman active intermolecular vibrations of the p-xylene crys-
tals and the temperature effect on the intermolecular vibra-
tions were studied in the previous work."” The x axis is taken
perpendicular to the molecular plane and the y and z axes in
the plane with the z axis passing through the methyl groups.

The intramolecular torsional vibration of the CH3 group in
the ['H;o]p-xylene crystals was assigned to the Raman band
observed around 140 cm ™! and the torsional vibration of the
CDj3 group in the [2H10]p—xylene crystals was expected to
be located around 100 cm™! from the relative values of the
moments of inertia of the CH; and CD3 groups.?” The sym-
metry species of the Raman active intramolecular torsional
vibration of the methyl group is bz in the molecule (Dy
point group) and A; and B, in the crystal (C3, space group
with two molecules in the unit cell).
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The Raman spectra of the [ H,o]- and [?H;o]p-xylene crys-
tals observed under various pressures in the intermolecular
vibrational region are shown in Fig. 1 and the observed fre-
quency-pressure curves are shown in Figs. 2 and 3. The
frequencies of the Raman bands observed under various pres-
sures are given in Table 1. The Raman spectra of the ['Hiol-

-and [?H;o]p-xylene crystals observed under 1 atm consist of
three bands I, I, and II. The bands [, II, and Il were mainly
ascribed to the rotational intermolecular vibrations about the
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Fig. 1. The low-frequency Raman spectra of the ['Hjo]- and

[*Hjo]p-xylene crystals observed under various pressures.
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Fig. 2. Pressure effect on the frequencies of the Raman bands
of the ['Hjolp-xylene crystal in the intermolecular vibra-
tional region.

x, z, and y axes belonging to the symmetry species B, Ag, and
A,, respectively, which are referred to as Rx(By), R,(Ag), and
Ry(A,) vibrations, respectively.” The spectral structures of
the ['H;o]- and [*H;o]p-xylene crystals are unchanged with
increasing pressure upto about 2.2 and 0.8 GPa, respectively.
The spectral structure of the [\ H;o]p-xylene crystals becomes
complex by increasing pressure from about 2.5 to 7.5 GPa
and the five bands are clearly resolved. The spectral struc-
ture of the [2H10]p—xylene crystals also becomes complex
with increasing pressure from 1 to 6 GPa and the five bands
are clearly resolved in the spectra, but the spectral structure
becomes simple again under above 6 GPa and only three

Table 1. Vibrational Frequencies of the ['Hio]- and [?Hio]p-Xylene Crystals under Various Pressures in the Intermolecular
Vibrational Region .
1 -Xyl 2 -
['Hiolp-Xylene [*Hiolp-Xylene Assignment
Band latm =~ 25GPa  4.2GPa 7.5 GPa 1 atm 1 GPa 4.5 GPa 7.5 GPa
’ v/em™'  ¥/cm™! V/em™! 7/cm™! v/em™'  ¥/cm™! v/em™'  ¥/cm™!
I 63 100 114 125 57 75 100 Rx(By)
C . 109 126 86 Coupling
I 83 76 R.(4g)
C 129 144 160 102 146 Coupling
m 102 ' 94 Ry(4,)
or’ 152 167 185 118 165 Ru(By)
Cs 180 209 227 130 187 Coupling
a 113
b 178

218
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Fig. 3. Pressure effect on the frequencies of the Raman bands
of the [*Hiolp-xylene crystal in the intermolecular vibra-
tional region.

bands were clearly observed. These three bands are referred
to as the bands a, b, and c, respectively. The spectra ob-
served under pressures from about 1 to 6 GPa in the [2H;o]p-
xylene crystals show exactly the same structure as the spec-
tra observed at temperatures below —80 °C," except for the
intensity of the band C,. Therefore, it can be considered that
the bands I, Cy, C,, I, and C; observed under pressures
from about 1 to 6 GPa correspond to the bands I, Cl; C,, I,
and C; observed at low temperatures, respectively.

The molecules in crystal and the atoms in molecule are
bonded by the van der Waals and the covalent forces, re-
spectively, and therefore, the intermolecular vibrations suf-
fer from environmental effects, such as temperature and pres-
sure, more strongly than the intramolecular vibrations. Thus,
the large pressure-induced frequency shift of the intermolecu-
lar vibrations compared with the pressure-induced frequency
shift of the CD; torsional vibration brings the frequencies of
the intermolecular vibrations to closer to the frequency of
the CD; torsional vibration. As the result the coupling of
intermolecular rotational vibrations with the intramolecular
torsional vibrations of the CD3 groups takes place under 1
GPa. The bands suffered from the coupling are referred to
as the bands C;, C,, and Cj, respectively, (see Fig. 1) as
referred previously.” As increasing pressure from 6 GPa,
the frequency of the rotational intermolecular vibrations be-
comes to separate again from the frequency of the torsional
vibration of the CD; group and the coupling of the inter-
molecular vibrations with the torsional vibrations of the CD;
groups vanishes. Thus, the complex spectral structure be-
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comes simple again above 6 GPa. The observed three bands
a, b, and ¢ may correspond to the bands, I, I, and III, respec-
tively.

The spectra consisting of five bands observed under above
2.5 GPa in the ['Hjo]p-xylene crystals also indicate that
the intermolecular rotational vibrations couple with the in-
tramolecular torsional vibration of the CH3 group. The pres-
sure-induced frequency shift is much larger than the temper-
ature-induced frequency shift and therefore, the frequency
of the rotational intermolecular vibrations can approach to
the frequency of the intramolecular torsional vibrations of
the CH3 group with increasing pressure. This is the reason
why the coupling of the inter- and intramolecular vibrations
in the ['H,o]p-xylene crystals could not be recognized in the
observation of the temperature effect on the intermolecular
vibrations."

In the p-xylene crystals the axis concerned with the R,(A,)
intermolecular rotational vibration coincides with the axis
concerned with the methyl torsional vibrations. The rota-
tional oscillations about the same axis may cause the cou-
pling of the inter- and intramolecular vibrations. This may
be supported by the observations in the tetramethylpyrazine
crystals, where any axis of the intermolecular rotational vi-
bration does not coincide with the axis of the methy] torsional
vibration, that no coupling of the inter- and intramolecu-
lar vibrations could be recognized by the temperature® and
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Fig. 4. The Raman spectra of ['Hio]- and [*Hjo]p-xylenes
observed under 1 and 4.5 GPa in the intramolecular vibra-
tional region.
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pressure® effects on the intermolecular vibrations.

The band II’, which is located at the shoulder of the
band III, was assigned to the rotational intermolecular vi-
bration about the z axis belonging to the symmetry species
Bg, (Ry(By) vibration).” The band I can be detected clearly
after the coupling of the inter- and intramolecular vibrations
takes place because the strong band I suffers from the cou-
pling and departs from the band II'. The pressure-induced
frequency shift of the bands I, II, III, and I observed in the
['Hjo]- and [2H;o]p-xylene crystals are all well explained by
the isotopic effect on the frequency of the rotational inter-
molecular vibrations.

The coupling between the inter- and intramolecular vibra-
tions of the symmetry species B, was not detected in this
work. The assignment given for the observed low frequency
Raman bands are shown in Figs. 1,2, 3, and Table 1.

Pressure Effect on the Intramolecular Vibrations.
The Raman spectra of ['H;o]- and [*H;o]p-xylenes observed
under various pressures are shown in Fig. 4. The spectra un-
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effects on the frequencies of the Vg, Vob, V6as Veb, Vi, Voas
Wb, ¢-CHj stretching, and CH3 symmetric deformation
vibrations of [IHlo]p—xylcne. — and --- were obtained
using parameters given by the Spackman, and Bonadeo and
D’ Alessio, respectively.

Pressure Effect on Vibrations of p-Xylene

der various pressures are essentially the same as the spectra
observed under 1 atm except for the blue shift of the bands
with increasing pressure. The bands observed at 316(283),
390(333), 458(428), 645(622), 829(763), (870), 1202(1217),
1371, 1382(1033), 1579(1582), and 1615(1597) cm~! under
1 atm were assigned to the vjop, (methyl wagging), vop (meth-
yl bending), v, (ring deformation), v, (ring deformation),
v, (ring breathing), v, (methyl bending), v;, (ring-meth-
yl stretching), methyl symmetric deformation (b3z), methyl
symmetric deformation (ag), vsp (ring deformation), and 15,
(ring deformation) vibrations, respectively.” The frequen-
cies inside and outside of the parentheses are refered to as
the frequencies of [2Hjo]- and ['H;o]p-xylenes, respectively.
These bands are clearly resolved under high pressures up to
5 GPa.

The observed pressure-frequency curves for these vibra-
tions are shown in Figs. 5 and 6 for ['Hygl- and [?H;olp-
xylenes, respectively, where the pressure-induced frequency
shifts, AV=%, Gpa— V1 aum, are plotted in the ordinates. This
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Fig. 6. The observed (----) and calculated (—, - - -) pressure

effects on the frequencies of the viop, Voo, Vsa, Veb, Vi, Va,
Ya, ¢-CDs3 stretching, and CD; symmetric deformation
vibrations of [*Hjp]p-Xylene. — and - -- were obtained
using parameters given by the Spackman, and Bonadeo and
D’ Alessio, respectively.
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figure shows that the observed frequency shift increases
monotonically with increasing pressure at the rate of 2—
10 cm™~!/GPa depending on the vibrational modes.

The pressure-induced frequency shift of the intramolecu-
lar vibrations was calculated for the vipp, Yob, Vea» Vb, Vi
Voa» V72, methyl symmetric deformation of ag and b, species,
gy, and g, vibrations under various pressures from 1 atm
to 4.5 GPa considering the contribution from the neighbor-
ing sixteen molecules in the same procedure as described
previously.2® The parameters of the intermolecular potential
were taken from the data given by Spackman® and Bonadeo
and D’ Alessio.'® The molecular geometry and the molecu-
lar orientation in crystals were assumed to keep unchanged
under application of high pressure. The values of com-
pressibility were not available for the p-xylene crystals and
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thus the values given for the dichlorobenzene crystals'” were
used. The calculated pressure-induced frequency shifts are
shown in Figs. 5 and 6 together with the observed shifts. The
straight and dashed frequency—pressure curves in Figs. 5 and
6 are obtained using the parameters given by Spackman® and
Bonadeo and D’ Alessio,'? respectively.

The calculated frequency—pressure curves obtained by
Bonadeo and D’ Alessio’s parameters give more well agree-
ment than the curves by Spackman’s parameters. The calcu-
lated pressure-induced frequency shifts obtained by Bonadeo
and D’ Alessio’s parameters are given in Table 2. The agree-
ment of the observed and calculated frequency shifts is rather
poor for the vibrations related to the displacements of the
methyl groups. This may be due to the fact that the orienta-
tion of the hydrogen atoms of the methyl groups assumed in

Table 2. Vibrational Frequencies of ['Hjo]- and [2H;¢]p-Xylenes under Various Pressures in the Intramolecular Vibrational Region

Vibrational ['Hiolp-Xylene [*Hiolp-Xylene
mode 1 atm 4.5 GPa V45 Gpa — V1 am 1 atm 4.5 GPa V45 GPa— V1 am
Obsd Obsd Obsd Calcd Obsd Obsd Obsd Caled
v/cm™! v/cm™! v/em™! ¥/em™! v/em ™! v/cm™! V/em™! V/em™!
110o(CH3wag)? 316 348 32 58 283 310 27 50
1o (CHsbend)? 390 414 24 38 333 357 24 34
Va(ring) 458 472 14 28 428 442 14 28
Vb (ring) 645 653 8 12 622 631 9 14
v (ring) 829 848 19 13 763 784 21 15
v7a(p-CHjstr)® 1202 1227 25 9 1217 1241 24 6
CHssym(bsg)® 1371 1379 8 28
CHjsym(ag)” 1382 1395 13 31 1033 1045 12 20
Wb (ring) 1579 1597 18 3 1582
Wa(ring) 1615 1635 20 2 1597 1608 11
%a(CH;bend)? 870 883 13 21

a) H is replaced by D in the [2H;olp-xylene crystal.

Table 3.

Contribution of the First-Order Differential Term of the Intermolecular Potential to the Pressure-Induced

Frequency Shift of the Intramolecular Vibrations in ['Hjo]- and [*Hjo]p-Xylenes

A‘T/case I— A%ase 1

Mode ['Hjolp-Xylene ®Hjolp-Xylene
Spackman B.D.? Spackman B.D.
2 GPa 4 GPa 2 GPa 4 GPa 2 GPa 4 GPa 2 GPa 4 GPa

7/cm™! v/cm™! v/cm™! v/cm™! ¥/cm™! 7/cm™! ¥/cm™! v/cm™!
Viob 38 7.6 1.3 2.9 34 6.7 1.1 2.6
Vob 1.0 39 0.6 1.4 1.7 33 0.5 12
Voa 1.0 3.7 0.6 1.5 19 3.8 0.7 1.5
Vob 0.5 1.8 0.3 0.7 1.0 2.1 04 0.8
W 0.5 1.8 03 0.7 1.0 2.0 0.4 0.8
Wa 0.3 1.1 0.2 0.5 0.3 0.6 0.1 0.2
CHs(b3g) 0.8 3.0 04 1.0
CH3z(ag) 1.0 37 0.6 1.5 1.1 2.3 04 0.9
¥8b 0.1 03 0.1 0.1
Wa 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1
Wa 0.9 1.8 04 0.8

a) The first-order differential term of the intermolecular potential is neglected in the case I and the term is involved in the case II.

b) B. D. refers to Bonadeo and D’ Alessio.
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this work was not adequate. The study of the orientation of
the hydrogen atoms of the methyl groups in p-xylene crystals
under various pressures is waited. The calculated frequency
shift is very smaller than the observed shift for the 15, and
Vg, vibrations. The reason for which is now in question.

In the previous work,? it was concluded that (1) the con-
tribution of the first-order differential of the intermolecular
potential to the frequency shift is vanishingly small if the best
choice of the values of the parameters for the intermolecular
potential is made, and thus (2) the neglect of the first-order
differential term, which was generally made in the calcula-
tion of the pressure-induced frequency shift, is reasonable.

In order to conform the conclusion, the difference of the
frequency shift defined by (AVcase 1 — AVease m) Was calcu-
lated, where case I means the calculation made with neglect-
ing the first-order differential term and case II with involving
the term (see Ref. 8). The calculated values are given in
Table 3.

Table 3 indicates that the difference of the frequency shift
calculated using the Bonadeo and D’ Alessio’s parameters is
smaller than the difference calculated using the Spackman’s
parameters. As can be seen in Figs. 5 and 6, the Bonadeo and
D’ Alessio’s parameters give better agreement between the
observed and calculated pressure-induced frequency shifts
than the Spackman’s parameters. These results support the

Pressure Effect on Vibrations of p-Xylene
conclusion given in the previous work.
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