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The Raman active inter- and intramolecular vibrations of tetramethylpyrazine and trihydrated tetramethylpyrazine
crystals were studied under various pressures between 1 atm and 5 GPa. The pressure effect on the Raman frequency due to
the intermolecular vibrations indicates that a tetramethylpyrazine crystal undergoes phase transitions under about 1.2 and
2.2 GPa and a trihydrated tetramethylpyrazine crystal undergoes phase transition under about 3.5 GPa. The pressure effect
on the Raman frequency due to the intramolecular vibrations indicates that the pressure-induced frequency shift for the
skeletal vibrations of trihydrated tetramethylpyrazine is larger than the corresponding shift of unhydrated tetramethylpyra-
zine, while the shift for the characteristic vibrations of the methyl groups of trihydrated tetramethylpyrazine is smaller than
the corresponding shift of unhydrated tetramethylpyrazine. These observations suggest that the attractive force induced
by the hydration plays a considerable role in the intermolecular interaction under high pressure in the molecular crystal, in
addition to the repulsive force. The change of electron distribution, which strengthens the chemical bonds of the pyrazine
ring more strongly than the bonds in the methyl groups, takes place with increasing pressure.

The low-frequency Raman bands due to the intermolecu-
lar vibrations of a tetramethylpyrazine crystal were studied
by Maehara et al.’ They made the assignment for the low
frequency Raman bands based on the polarization behavior
of the bands.” They studied the temperature effect on the
Raman frequency and showed that no apparent temperature-
induced phase transition takes place in the temperature re-
gion between 300 and 4.2 K. They also studied the Raman
bands due to the inter- and intramolecular vibrations of a
trihydrated tetramethylpyrazine crystal and showed that the
frequency of the bands due to the intermolecular vibrations
shifts to the low frequency side and the frequency of the
Raman bands due to the intramolecular vibrations shifts to
the high frequency side compared with the frequency of the
unhydrated crystal.? The pressure effect on the Raman bands
due to the inter- and intramolecular vibrations of various aro-
matic molecular crystals such as benzene and pyrazine were
studied. The pressure-induced phase transition and the pres-
sure effect on intermolecular interaction were discussed by
many workers.>—® .

In this work, the pressure-induced phase transition and the
pressure effect on hydration for tetramethylpyrazine crystals
are discussed.

Experimental

Material. Tetramethylpyrazine was obtained from Tokyo
Kasei Chemical Co. The sample was purified by repeated distil-
lations under reduced pressure. Hydrated tetramethylpyrazine was

obtained by crystallization from aqueous solution.

Optical Measurement. The Raman spectra of the inter-
and intramolecular vibrations were measured with a JEOL 400T
laser Raman spectrophotometer and BIO-RAD FT-Raman Il NBR-
9001 under various pressures from 1 atm (1x 10~* GPa) to 5 GPa
at 25 °C by the backscattering observation method. The 514.5,
496.5, 488.0, and 476.5 nm beams from an Ar"* ion laser of Spectra
Physics 168B and 1064 nm beam from a Nd: YAG laser of BIO-
RAD 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.
Tetramethylpyrazine (TMP) and trihydrated tetramethylpyr-
azine (TMP-3H,0) crystallize in the orthorhombic space
group D}; ® and in the monoclinic space group C,;,” re-
spectively, with four molecules in the unit cell. The crystal
structure of TMP-3H,O0 is shown in Fig. 1. There are two
independent molecules A and B in a TMP-3H,0 crystal.
The TMP molecules are connected by the N---H-O hydro-

gen bridges to the strings of water molecules along the a
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Fig. 1. Orthonormal projection of a trihydrated tetramethyl-
pyrazine crystal along the ¢ axis. a, shows the projection
of the a axis. H atoms of the methyl groups are not shown.
Dashed lines indicate the hydrogen bridges.

crystal axis. The water string contains the O(2)---H-O(1),
O(1)---HO(3), and O(3)- - -H-O(2) hydrogen bridges. Neigh-
boring strings are connected with the hydrogen bridges via
the TMP molecules, as can be seen in Fig. 1. The strain of the
TMP molecule bound by hydrogen bonds in a TMP-3H,0
crystal results in deviation of the C atoms of the methyl
groups from the plane of the pyrazine ring. The deviation is
in the region of 0.013—0.039 A.

There are twelve optical branches of the rotational inter-
molecular vibrations, all of which are Raman active. In a
TMP crystal twelve rotational intermolecular vibrations are
distributed among symmetry species as 3Ag+3B g +3By; +
3B3; and in TMP-3H,O crystal as 6A; +6B;. The assign-
ment of the Raman active intermolecular vibrations of a TMP
crystal was given in the previous work, based on the polar-
ization behavior of the Raman bands.” The Raman bands
due to the intermolecular vibrations of the TMP-3H,0 crys-
tal shift to the low frequency side compared with the bands
of the TMP crystal because of differences in the moment of
inertia and the intermolecular interaction force in TMP and
TMP-3H,0 crystals.? 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 N atoms.

The Raman spectra of the TMP and TMP-3H,0 crystals
observed under various pressures in the intermolecular vi-
brational region are shown in Figs. 2 and 3, respectively.
The frequencies of the Raman bands observed under 1 atm
and under 4 GPa are given in Table 1. The strong Raman
bands a and c of the TMP crystal observed under 1 atm were
assigned to the a, vibrations and the b and d bands, which
are observed as the shoulders of the a and ¢ bands, respec-
tively, to the b3, and by, vibrations, respectively.” The b and
d bands are clearly resolved under high pressure, because the
shoulder bands shift more to the high frequency side than
the a and c bands with increasing pressure. The spectrum
composed of the four bands a, b, c, and d does not show
essential changes of structure with increasing pressure. Two
strong bands e and f are observed in the TMP-3H,O crystal
under 1 atm; these bands shift to the high frequency side with
increasing pressure. The pressure-induced frequency shift of
the band e is larger than the shift of the band f. Therefore,
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Fig. 2. Raman spectra of the rotational intermolecular vi-

brations of the tetramethylpyrazine crystal observed under
various pressures at 25 °C.

the bands e and f overlap under about 3 GPa and the bands
begin to be resolved again above 3 GPa.

The observed pressure—frequency curves in the TMP and
TMP-3H,0 crystals are shown in Fig. 4. The curves in Fig. 4
show that there are two discontinuous points under about 1.2
and 2.2 GPa in the TMP crystal and one point under about
3.5 GPa in the TMP-3H,O crystal. The observation of dis-
continuous points in the curves and no prominent change of
the spectral structure suggest that the phase transition of the
crystal may proceed without change of the space group or
change of the cell content under about 1.2 and 2.2 GPa in
the TMP crystal and under about 3.5 GPa in the TMP-3H,0
crystal. Similar behavior was found in the phase transition
from II to IIl in a benzene crystal, where the transition is
undergone with retention of the space group.'® The inter-
molecular force in molecular crystals under high pressure is
strongly dominated by the repulsive force and thus the repul-
sive force plays an important role in the phase transition.”
The repulsive force dominates in the TMP crystal under high
pressure, while the attractive force resulting from the hydro-
gen bonding also contributes to the intermolecular interaction
in addition to the repulsive force in the TMP-3H,O crystal.
The attractive force of the molecules may play a role to sta-
bilize the crystal structure. The attractive force becomes
stronger with increasing pressure, because the intermolecu-
lar distance becomes shorter with increasing pressure. This
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Fig. 3. Raman spectra of the rotational intermolecular vi-

brations of the trihydrated tetramethylpyrazine crystal ob-
served under various pressures at 25 °C.

Relative intensity

Table 1. Frequency of the Rotational Intermolecular Vibra-
tions of Tetramethylpyrazine and Its Trihydrated Crys-
tals

1 at 4 GP:
Crystal Band am a
Viem™! V/em™!

a 59 98

TMP b 61 117

c 90 149

d 92 181

TMP-3H,0O e 32 60

f 39 56

may be the reason why the phase transition takes place under
higher pressure in the TMP-3H,0 crystal than in the TMP
crystal.

The spectral structure consisting of four and two bands in
the TMP and TMP-3H,O crystals, respectively, remains un-
changed with increasing pressure, as described above. This
fact also indicates that no coupling of the intermolecular ro-
tational vibrations with the methyl torsional intramolecular
vibrations takes place in the TMP and TMP-3H,O crystals
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Fig. 4. Pressure effect on the frequencies of the rotational

intermolecular vibrations of the tetramethylpyrazine (a, b,
¢, d) and trihydrated tetramethylpyrazine (e, f) crystals.

unlike the case of the p-xylene crystals, where the new bands
resulting from the coupling of the inter- and intramolecular
vibrations were observed.® This may be due to the fact that
no axis of the intermolecular rotational vibration coincides
with any of the axes of the torsional intramolecular vibrations
of the methyl groups in the TMP and TMP-3H,O crystals,
unlike the case of p-xylene crystals.

Pressure Effect on the Intramolecular Vibrations.
The Raman spectrum of TMP observed under 1 atm is shown
in Fig. 5. The assignment of the bands was given based
on the polarization behavior of the bands in the previous
work.!” The spectra observed under various pressures are
essentially the same as the spectrum observed under 1 atm,
except for the blue shift and broadening of the bands with
increasing pressure. The observed Raman frequencies under
1 atm and under 4.5 GPa are given in Table 2. The observed
pressure-frequency curves for the v (CH; wagging), V0.
(CH;3 wagging), vep (1ing), v, (ring), v (ring), v, (C—CH;
stretching), vg, (ring), CH; symmetric deformation, CHj3 de-
generate deformation, and C—H stretching (CH; group) vi-
brations are shown in Fig. 6 for TMP (@@®) and TMP-3H,0
(AAA), respectively. The pressure-induced frequency shift,
AV=%, Gpa— V1 am, is plotted in the ordinates.

Table 2 and Fig. 6 indicate that (1) the frequency of the ob-
served vibrational bands of TMP-3H,0O under 1 atm is larger
than the corresponding frequency of TMP, (2) the observed
pressure-induced frequency shift increases monotonically
with increasing pressure at the rate of 2—10 cm™~'/GPa de-
pending on the vibrational modes, (3) the observed pressure-
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Fig. 5. Raman spectrum of tetramethylpyrazine at 25 °C under 1 atm.
40 5 8 than the corresponding shift in TMP, and (4) the behavior
- a ah of the frequency shifts observed for the ring and the methyl
20 e At vibrational modes becomes prominent with increasing pres-
Y . ot sure.
0 - It was observed that the frequency of the intramolecular
10a vibrations in the TMP-3H,O crystal is larger than the cor-
20} w 3 rde responding frequency in the TMP crystal under 1 atm in
o the previous work.” This observation was ascribed to the
04+ strengthening of the chemical bonds of the TMP molecule
6b CHj sym (ag) bound by the strings of water through the N---H-O hydro-
",' 20+ LA “, gen bond in the TMP-3H,O crystal.”? The pressure-induced
= ottt Lee gt A it frequency shift for the intramolecular skeletal vibrations of
0 0 4= o TMP-3H,0 becomes larger and the frequency shift of the
‘; 6a LA CH; sym (b3g) characteristic vibrations of the methyl groups of TMP-3H,0
<20} At e becomes smaller with increasing pressure compared with the
albee . corresponding shifts of TMP. This fact suggests that con-
4 * sas 2 ! siderable change of the electron distribution, which strength-
0 1 . CH; deg ens the chemical bonds of the pyrazine ring more strongly
20l Wb Lo than the bonds of the methyl groups, may take place in
st the TMP molecule by hydration and that this change may
T Lge 0% be promoted with increasing pressure. The skeletal vibra-
0 2 C-H str tions, where the displacement of the N atoms participates,
A e® ad are affected strongly by hydration, because the displacement
20t ‘.A.“ oo 4 of the N atoms of the hydrated TMP molecule connected
e’ .1 with the strings of water molecules is rather different from
0 0‘ 2 4' 0 é 21 6 the displacement of the N atoms of the unhydrated TMP
molecule. The interaction of the N atom with the strings of
p/ Gpa water molecules becomes stronger with increasing pressure.
Fig. 6. Pressure effect on the observed frequencies of the Therefore, stronger force is required for the displacement of

intramolecular vibrations of tetramethylpyrazine(®) and its
trihydrate (A).

induced frequency shift for the former 7 vibrations, espe-
cially for the Vgy, ¥4, %1, and vz, ring modes, in TMP-3H,0
is larger than the corresponding shift in TMP, while the fre-
quency shift for the characteristic vibrations of the CHj
groups of the latter 4 vibrations in TMP-3H,0 is smaller

the N atoms in the hydrated crystal than in the unhydrated
crystal with increasing pressure.

The pressure-induced frequency shifts of the v5, V104, Véb,
Vea» V1> V2, Vga, methyl symmetric deformation, methyl de-
generate deformation, and C—H stretching (methyl group)
vibrations were calculated under various pressures from 1
atm to 1.2 GPa, where the TMP crystal undergoes the phase
transition. The contribution to the shift from the neighboring
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Table 2. Frequency of the Intramolecular Vibrations of Tetramethylpyrazine and Its Trihydrate

TMP TMP-3H,0

Mode N am Va5 GPa VMa2GPa — Vi am M am V4.5 GPa
Obsd Obsd Obsd Calcd Obsd Obsd

P/em™! v/em™! vlem™! viem™! viem™! vlcm™!

V5 (CHywag) 273 299 11 94 285 312%
Vi0a (CHywag) 379 399 7 32 380 401
Vb (Ring) 479 497 6 16 483 507
Véa Ring) 529 550 4 15 539 571
Y Ring) 713 735 5 10 726 754
§%) (C—CHjstr) 1285 1310 7 6 1291 1318
Va (Ring) 1545 1561 6 3 1552 1577
CH; sym(ag) 1383 1399 7 16 1394 1408

CHj; sym(bsy) 1368 13772 3 16 1383 1390?

CH; deg 1441 1447% 4 16 1444 1447%

C-H str 2021 29469 10 19 2933 29539

a) Observed under 4 GPa.

twelve molecules was taken into account in the same manner
as described previously.” The parameters for the intermolec-
ular potential were taken from the data given by Spackman.'?
The molecular geometry and the molecular orientation in
the crystals were assumed to stay unchanged under applica-
tion of high pressure. The value of compressibility was not
available for the TMP crystal and thus the value given for
the hexamethylbenzene crystals'® was used. The calculated
pressure-induced frequency shift is given in Table 2, together
with the observed shift.

The calculated result indicates that the repulsive inter-
molecular force gives the largest contribution to the pres-
sure-induced frequency shift as in the cases of the molecu-
lar crystals.*~® The agreement between the calculated and
observed frequency shifts is good only for the skeletal vi-
brations of the v, v, and v, modes. The calculated shift
gives a larger value compared with the observed shift for
other vibrations, especially for the vibrations involving the
displacement of the methyl groups. The large discrepancy
may be due to the fact that the assumptions such as isotropic
compressibility and unchanged molecular orientation in the
crystal under application of pressure, made in this calcula-
tion are not adequate under pressure near 1.2 GPa, where the
phase transition is taking place, just as shown in the case of
the pressure effect on the tetrachlorobenzene crystal.” The
change of the structure of the methyl groups induced by ap-
plication of pressure should also be taken into account in the
calculation as pointed out in the case of the pressure effect
on the p-xylene crystals.® The study of the crystal structure
of TMP under high pressure is needed.

b) Observed under 3 GPa.
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