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The effect of pressure on the Raman active inter- and intramolecular vibrations of the pyrazine crystal
was studied under hydrostatic pressure up to 5 GPa. The frequency shift of the intermolecular vibrations and
the discontinuous variation of the bandwidth of the 2 and v intramolecular vibrations induced by pressure at
constant temperature indicate that the pyrazine crystal undergoes phase transition (change of the molecular
orientation in the crystal) under about 1 GPa. The pressure-induced frequency shift of the intramolecular
vibrations was calculated using an intermolecular potential of the atom—atom type. The calculation also
suggests the occurrence of the phase transition of the crystal.

Thiéry and Léger,") Ellenson and Nicol,? Adams and
Appleby,® and Cansell et al.*) studied the Raman spec-
trum of the benzene crystal under high pressure and
found that the phase transitions of the crystal take
place under 1.4, 4, 11, and 24 GPa through observa-
tions of the abrupt change of the spectral structure, the
shift of the vibrational frequency, and the variation of
the bandwidth of the Raman band induced by pressure.
Recently we observed the pressure effect on the inter-
and intramolecular vibrations of the 1,2,4,5-tetrachloro-
and hexachlorobenzene crystals and found the splitting
of the band due to the degenerate intramolecular vibra-
tions as well as the phase transition.>®

A number of theoretical studies were made on the
frequency shift of the intramolecular vibrations induced
by the intermolecular force.” % Very recently we cal-
culated the pressure-induced frequency shift of the in-
tramolecular vibrations of the benzene, hexachloro, and
1,2,4,5-tetrachlorobenzene crystals including the first-
order differential of the intermolecular potential, which
was generally ignored in the calculation of the pressure-
induced frequency shift, and showed that the first-order
differential term could be reasonably neglected when
the potential is well approximated.'!'?

A number of works were made on the intramolecu-
lar vibrations of pyrazine through observations of the
Raman and infrared,’*'®) phosphorescence,!”® and
fluorescence spectra.’—2") The intermolecular vibra-
tions of the pyrazine crystal were studied by many
workers.?22% Sbrana et al.'® and Schettino et al.2®
found that the pyrazine crystal undergoes the phase
transition at 29 °C by observing the temperature effect

on the structures of the infrared and Raman spectra due
to the intramolecular vibrations and by measuring the
differential scanning calorimetry of the pyrazine crystal.

In this work, the effect of pressure on the Raman
active inter- and intramolecular vibrations of the pyra-
zine crystal is observed and the phase transition of the
crystal and the pressure-induced frequency shift of the
intramolecular vibrations are discussed.

Experimental

Material.  [?H4|Pyrazine was synthesized by the ex-
change reaction of ['H4]Pyrazine obtained from Tokyo Kasei
Co. with D2 O using palladium asbestos as a catalyst.?®) The
samples were purified by repeated vacuum distillations.

Optical Measurement. The Raman active inter-
and intramolecular vibrations were measured with a JEOL
400T laser Raman spectrophotometer under various pres-
sures from 1 atm (1x107* GPa) to 5 GPa at 297 K by the
backscattering observation method. The 514.5, 488.0, and
476.5 nm beams from an Ar™ ion laser were used for the ex-
citation. A diamond anvil cell obtained from Toshiba Tun-
galoy Co. was used for measurement of the Raman spectrum
under high pressure. The sample and ruby chips suspended
in cedar wood oil were held in a sample hole made in the
stainless steel gasket. The pressure inside the sample hole
was determined by measuring the wavelength shift of the flu-
orescence line at 694.2 nm (R line) emitted from ruby chips
using the equation proposed by Mao et al.2”) The pressure
was confirmed to be hydrostatic by observing the shapes of
the Ry and Rs (692.7 nm) lines emitted from ruby. Details
of the experiment are exactly the same as those described
previously.®)



M. Maehara et al.

Calculation of the Pressure-Induced Fre-
quency Shift of the Intramolecular Vibrations

The frequency shift of the intramolecular vibrations
induced by the intermolecular interaction with other
molecules are given by” 1%

N *Vi; \ [ 0rij \?
Abgpigy = SWQCQVQ ZZ( ])(022]) (1)

where @, and 7q,, are n-th normal coordinate and its
unperturbed vibrational frequency, respectively, ry; is
the interatomic distance between atoms ¢ and j belong-
ing to different molecules, and V;; is the potential en-
ergy of the atom—atom type due to the intermolecular
interaction between two molecules. For the potential,
V,; expressed by2®29)

2Vij = [~ Ar;;° + Bexp (=Cryj) + qigze’ri;']  (2)
was used, where A, B, and C are parameters, and ¢; and
g; are the electric charges on the atoms ¢ and j, respec-
tively. The values of the parameters were taken from
those given by Spackman®” and the electric charge was
evaluated by the CNDO/2 MO calculation. The elec-
tric charges on the N, C, and H atoms were calculated
to be —0.146e, 0.114¢, and —0.04¢, respectively, where
eis 1.6021x1071? C. The three terms in Eq. 2 represent
the dispersive, repulsive, and electrostatic energies, re-
spectively. The values of 62 Vii/ or2 = and 9ry; /0@y, were
calculated in the same way as descrlbed previously.>®

A normal coordinate calculation was performed
through the standard GF matrix method and the F
matrix elements for the in-plane and out-of-plane vi-
brations were evaluated with the potential fields of the
modified Urey-Bradley and the valence force fields,
respectively.3® The force constants were taken from the
data given previously.>?

The molecular orientation in the crystal under 1 atm
was taken from the data given by With et al.3V) The
molecular orientation in the crystal was assumed to
keep unchanged under application of pressure and the
atom-atom distance between two molecules was evalu-
ated assuming isotropic compressibility. Three assump-
tions were made for the molecular geometry, that is, the
molecular geometry was assumed to keep unchanged
(case A), only the C—H bond length was assumed to
change from 0.108 nm®") to 0.105 nm (case B), and from
0.108 nm to 0.100 nm (case C) by varying pressure from
1 atm to 4.5 GPa.

The pressure-induced frequency shift was calculated
changing the intermolecular distances and the inter-
molecular distance was converted into pressure in ex-
actly the same way as that described previously.>®
Since the value of compressibility for the pyrazine crys-
tal is not available, the calculation was made using dif-
ferent values of compressibility given for various molec-
ular crystals such as naphthalene and hexamethylben-
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zene by Vaidya and Kennedy.3? The calculation led to
the similar results for different values of compressibil-
ity and therefore, the value of compressibility for the
pyrazine crystal was assumed to be the same as that
obtained for the naphthalene crystal.’?

Results and Discussion

Pressure Effect on the Intermolecular Vibra-
tions. Pyrazine crystallizes in the orthorhombic space
group Pmnn with two molecules in the unit cell.>") The
Raman spectra of the pyrazine crystal in the intermolec-
ular vibrational region observed under various pressures
at 297 K are shown in Fig. 1. The four Raman bands
observed at 43, 68, 104, and 115 cm™! under 1 atm
were assigned to the intermolecular vibrations of byg,
big, ag, and bsg species, respectively.* The shortest
wavenumber band resolves into two bands of b;, and
b, species in the spectrum observed at 4.2 K.?*) The
Raman spectral structure due to the intermolecular vi-
brations of the [2Hy|pyrazine crystal is almost equal to
the spectral structure of the [!Hy|pyrazine crystal. The
observed frequencies of the intermolecular vibrations
of the ['Hy]- and [*H4|pyrazine crystals under various
pressures are given in Table 1. The pressure depen-
dence of the Raman frequency, which will be called as
pressure—frequency curve hereafter, for the ['Hy]- and
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Fig. 1. The Raman spectra of the pyrazine crystal in

the intermolecular vibrational region observed under
various pressures at 297 K. 1 atm corresponds to
10™* GPa.
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Table 1. Observed Frequecy of the Intermolecular Vi-
brations of the Pyrazine Crystal

Pressure/GPa

latm 0.3 05 1.0 1.5 2.0 3.0 3.5 4.0 45 5.0

44 45 46 57 74 76 77T 79 81

43 63
47 50 53 59

79 83 85 89 93
111 112 113 115 116
68 76 81 90 99 103 118 120 124 127 131
104 116 123 140 156 164 196 200 204 212 213
115 124 131 151 163 172 202 207 210 220 230

43 43 45 53 58
42 70
45 48 53 57 60
67 72 80 87 94 99 113
93 103 117 135 139 150 175
102 111 125 143 147 158 183

[1 H4]a)

[2H4]a)

(in cm™! unit)
a) ['H4] and [*Hy] represent [{H4]- and [2H4]pyrazines,
respectively.

[2H4]pyrazine crystals is given in Fig. 2. The shortest
wavenumber band splits into doublet by applying pres-
sure. The splitting becomes larger up to about 1 GPa
with increasing pressure and then becomes smaller up
to about 2 GPa. The splitting is hardly detectable un-
der about 2 GPa and then becomes clearly detectable
again over pressure from about 2.5 GPa. Another weak
band is observed as the shoulder of the second short-
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Fig. 2. Pressure effect on the intermolecular vibra-

tional frequencies of the ['Hy]- (A) and [*H4]pyrazine
(B) crystals observed at 297 K.

Pressure Effect on Vibrations of Pyrazine

est wavenumber bands of by species from pressure of
about 2 GPa for the ['Hy]pyrazine crystal. These ob-
servations suggest that the phase transition takes place
in the pyrazine crystal under about 1 GPa.

Pressure Effect on the Intramolecular Vibra-
tions. The Raman bands observed at 601, 700, 758,
943, 978, 1019, 1250, 1521, 1582, 3032, and 3047 cm~?
under 1 atm at 297 K were assigned to the intramolecu-
lar vea, Veb, V4, V10as Vs, V1, Voa,s V8b, V8a, V7b, and vp Vi-
brations, respectively.}?—16:1921) The all Raman bands
except for the vg, and v4 bands were clearly resolved
under high pressure up to about 5 GPa. The Raman
spectra observed under various pressures are shown in
Fig. 3. The vibrational frequencies observed in vapor
and in crystal under 1 atm and 4.5 GPa are given in
Table 2. The calculation of the pressure-induced fre-
quency shift was carried out considering the intermolec-
ular interactions with the eight surrounding molecules
for three different molecular geometries described above
under pressure up to 4.5 GPa. The calculated results
are given in Tables 3 and 4, together with the observed
frequency shift.

The frequency shift induced by the change of the
phase from vapor to crystal under 1 atm will be dis-
cussed first. The vibrational frequency of pyrazine in
vapor phase was obtained from the fluorescence spec-
trum in a supersonic free jet, where the molecule is free
from the molecular interaction. Therefore the calcu-
lated frequency shift for pressure of 1 atm, Avya¢m, can
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Fig. 3. The Raman spectra of the pyrazine crystal in
the intramolecular vibrational region observed under
various pressures at 297 K.
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Table 2. Observed Frequency of the Intramolecular discussed. The observed and calculated pressure-in-
Vibrations of Pyrazine duced frequency shifts, A=Apgpa—AP1atm, are plot-
> - ted against pressure in Fig. 4. The agreement between
Vibrational Vapor Crystal the observed and calculated frequency shifts are fairly
mode 1 atm 4.5 GPa well for the ring vibrations vg,, vgp, and vy (except for
p/cm™! 7/cm™? p/em™?! the vgp vibration), while the calculated frequency shifts
Vo 3047 3073 are much larger than the observed shifts for the H dis-
78 3032 3056 placement vibrations. The very large discrepancy of the
Vga 1578 1582 1602 calculated and observed frequency shifts for the H dis-
Vb 1521 1536 placement vibrations is considered to be caused by the
Zga 1(2):13111 }(2)?3 1(2)23 very large value of the calculated repulsive interaction
V;a 596 601 between adjacent molecules. In the previous works for
Veb 704> 700 708 the pressure-induced frequency shift of the 1,2,4,5-tetra-
Us 065 978 997 chloro- and hexachlorobenzene crystals it was shown
Vioa 919 943 973 that the agreement between the calculated and observed
va 755P) 758 frequency shifts is fairly well for all vibrations when the
a) Taken from Ref. 19. b) Taken from Ref. 21.
Table 3. Calculated and Observed Pressure-Induced 60 2 e 8a 60
Frequency Shifts of the Raman Active Intramolec- Je et
ular Vibrations of the Pyrazine Crystal under 1 40 ’;;;-’ 40
atm 2
20 # 3 20
Ai;la\t;mﬂ) y N \ 1 L 1- i 0
Mode Caled Obsd® ° .
Repul Disp  ES.  Total 60 b A 8b 60
#/em™' pfem™' Pfem™! D/em™' P/em? 40 /‘_;,'/ 40
Vs 259 -39 01 22.1 ’; 20 ~ 120
v, 258 -39 01 22.0 g -
Vga 5.3 -14 0.0 3.9 4 ~ 0 1 1 1 l L. L 0
Vsb 4.9 -1.1 0.0 3.8 E 1 60
V9a 23.3 —4.6 0.0 18.7 19 o
" 13.0 ~2.5 0.0 10.5 5 - 40
Véa 15.5 -3.0 0.0 12.5 5 A e
Veb 14.6 -3.2 0.0 114 -4 1 e 20
vs 24.1 -6.2 0.0 17.9 22 o
viea  26.0 -6.6 0.1 19.5 24 & B 0
Vs 16.8 —4.4 0.1 12.5 3 z}m 50 5 6b 60
a) Ablagm=V1atm —Pvapor- b) See Table 2. 20
be regarded as the difference of the vibrational frequen- = - 20
cies observed in jet and crystal. i 0
The calculated results indicates that (1) the repulsive 6a
interaction between the hydrogen and nitrogen atoms 60
belonging to different molecules gives the largest con- 40 /,;j;' — {40
tribution to the frequency shift for the all vibrations o Pt
and (2) the hydrogen displacement vibrations of the H 20 _,/'/ P 20
wagging (vi0. and vs), bending (vg,), and stretching 0 L 1 PR ' 0

(v7b and 1) modes suffer from the stronger repulsive
interaction than the ring vibrations (vga, Vgh, V1, Vga,
Vgb, and v4). The large frequency shifts observed for the
Vga, V5, and vy, vibrations can be well explained by the
calculation. The agreement of the observed and calcu-
lated frequency shifts is fairly well for the all vibrations
except for the vgp, vibration.

Next the pressure-induced frequency shift in crys-
tal under pressure from 1 atm to 4.5 GPa will be

Fig. 4.

2 3 4 0 1
p/ GPa

The observed (e—e—e) and calculated (— for

case A, --- for case B, and —-— for case C) pres-
sure effects on the vibrational frequencies of the H
displacement v2, v7h,, Voa, Us, Vipa, and ring vga,
Vsb, Vi, Vb, Vea Vibrational modes of the pyrazine
crystal. The difference of the frequency shift, Av=
Abpapa—Aljatm, is plotted against pressure.
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Table 4.

Pressure Effect on Vibrations of Pyrazine

Calculated and Observed Pressure-Induced Frequency Shifts of the

Raman Active Intramolecular Vibrations of the Pyrazine Crystal under

4.5 GPa
Mode Aiy 56pa ADg 5GPa— Dlatm
Repul Disp E.S. Total Calcd Obsd®
7/em™? P/cm™! p/em~'  p/em™! /em™  Pfem™?
va  109.8(89.6) —14.9(-12.1) 0.3(0.3) 95.2(77.8) 73.1(55.7) 26
vi,  109.4(89.2) —14.8(-12.1) 0.3(0.3) 94.9(77.4) 72.9(55.4) 24
vsa  19.9(23.0) —3.7(-4.2) 0.0(0.0) 16.2(18.8) 12.3(149) 20
vey  19.3(28.3) —3.2(—4.6) 0.0(0.0) 16.1(23.7) 12.3(19.9) 15
vea  88.7(64.2) —14.0(~10.5) 0.0(0.0) 74.7(53.7) 56.0(35.0) 34
v 53.4(41.8) -82(—6.6) 0.0(0.0) 45.2(35.2) 34.7(247) 24
Vea  66.7(53.7) —10.1(~8.3) 0.0(0.0) 56.6(45.4) 44.1(32.9)
veb  58.0(50.6) —9.6(~8.6)  0.0(0.0) 48.4(42.0) 37.0(30.6) 8
vs  83.6(73.3) —15.2(~13.8) 0.3(0.2) 68.7(59.7) 50.8(41.8) 19
viea 90.8(75.1) —16.5(~14.1) 0.1(0.2) 74.6(61.2) 55.1(41.7) 30
va  56.6(44.7) —10.6(-8.9) 0.1(0.1) 46.1(35.9) 33.6(23.4)

a-) Aly 5GPa=V4.5GPa— Dvapor-

b) See Table 2.

¢) Values inside the parentheses

were calculated for the molecular geometry of case C and the values outside the
parentheses for the geometry of case A (see text).

phase transition does not take place, whereas the agree-
ment becomes very poor for the chlorine displacement
vibrations, which suffer from the strong repulsive inter-
action, when the phase transition takes place.>®

These facts suggest that the compression increases
the intermolecular interaction through strengthening
the repulsive forces and the strain of the crystal triggers
the phase transition under certain pressure to release
from the repulsive forces. As can be seen from Table 4
and Fig. 4, the shortening of the C—H bond distance,
which might be induced by applying pressure, causes
a slight decrease of the calculated repulsive interaction
and as the result the discrepancy of the calculated and
observed frequency shifts for the H displacement vibra-
tions is improved slightly. But only the shortening of
the C-H bond distance is not sufficiently enough to ex-
plain the large discrepancy. This fact suggests that the
change of the molecular orientation in the crystal must
be taken into account in the calculation of the pressure-
induced frequency shift in order to explain the observed
frequency shift.

Cansell et al.®") studied the phase transition of the
benzene crystal and showed that unambiguous detec-
tion of phase transition is not easy by measuring the
pressure—frequency curve of the intramolecular vibra-
tions, while the plot of the bandwidth against pres-
sure at constant temperature, which will be called as
the pressure-bandwidth curve hereafter, shows drastic
change of the slope by the phase transition. The pres-
sure-bandwidth curves for the v, and vy vibrations of
the ['Hg]pyrazine crystal observed at 297 K are given in
Fig. 5, where the discontinuity in the curve was clearly
found under about 1 GPa. This observation clearly in-
dicates that the phase transition of the pyrazine crystal
takes place under pressure of about 1 GPa.

The characteristic behavior of the pressure—frequency

V2

[
(=]

(o]

\

Vi

[+)]

w»

Bandwidth /cm~1

2.0
p/ GPa
Fig. 5. Pressure effect on the bandwidths of the v,

(e—e—e) and v; (o—o-o) vibrations observed at 297
K.

1.0 3.0

curve for the intermolecular vibrations, the discontinu-
ity in the pressure-bandwidth curve for the intramolecu-
lar vibrations, and the calculated value of the pressure-
induced frequency shift lead to the conclusion that the
pyrazine crystal undergoes the phase transition (change
of the molecular orientation in the crystal) under pres-
sure about 1 GPa.
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