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Pressure effects on the phase transitions in ['H;,] and [2H; Jtrans-stilbene crystals were studied. Pressure—frequency
plots and pressure-half band width plots for the Raman bands due to the inter- and intramolecular vibrations of ['H;,] and
[2H1, Jtrans-stilbene crystals showed inflectional variations of the slopes of the plots at about 2 and 4 GPa. The fact that no
clear discontinuous changes of the slopes of the plots were observed indicates that the second-order phase transitions take
place at about 2 and 4 GPa. The low-frequency Raman bands of ['H;,] and [?H,]trans-stilbene crystals were reinvesti-
gated and assignments to the intermolecular rotational vibrations about the x, y, and z axes were made on the basis of the
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isotopic effect on the vibrational frequency.

The molecular and crystal structures of ['Hj,]trans-stilbene
(stilbene-dy) were studied by many workers.' The molecular
structure in solid is almost planar, with two phenyl rings twisted
very slightly from the ethylenic plane of the molecule,'~* while
the structure is non-planar in vapor* and fluid® phases. The
crystal structure of stilbene-d, belongs to the monoclinic space
group P2;/c with four molecules in the unit cell. The four
molecules fall into two crystallographically inequivalent sites;
one of these two sites shows orientational disorder. The crystal
structure is highly disordered at room temperature, while orien-
tational disorder almost disappears at 113 K and the lattice be-
comes more ordered.’

Bree and Edelson gave the assignment for the intermolecular
vibrations of stilbene-d, crystal through polarization measure-
ments of the low-frequency Raman bands at various tempera-
tures between room temperature and 4.2 K.° Chakrabarti and
Misra studied the temperature-induced phase transitions of stil-
bene-dj crystal through observation of temperature dependen-
cies on the frequencies and band widths of the Raman bands.”
They showed that the phase transition of order—disorder type
takes place over the narrow temperature range 215-225 K.
The well-established disordered structure of stilbene-dj crystal
at room temperature attains an ordered structure at low temper-
ature through one or two order—disorder transitions.” They ob-
served a break point in the curve of the temperature—band width
plots in the lower temperature region 105-115 K, but no con-
clusion about a phase transition could be drawn for this break
point due to the wide experimental error in this region. Saito
et al. measured the temperature dependence of the heat capacity
for stilbene-d crystal.® They could not find any discontinuous
changes of the heat capacity at 215-225 K or at 105-115 K, but
they found an anomalous behavior of the temperature—heat ca-
pacity plots at about 170 K. Thus they concluded that the glass
transition attributed to the freezing of the intramolecular crank-
shaft motion takes place at about 170 K in stilbene-d; crystal.’

Saito and Ikemoto studied the lattice-dynamics for stilbene-d,
crystal theoretically considering the incorporation of the intra-
molecular twisting vibration of the phenyl rings and showed
that the twisting vibration of the phenyl rings strongly couples
with the overall rotation of the molecule.’

Study of the intramolecular vibrations of stilbene-d, was
made by various workers through observation of the Raman
and infrared spectra and also through calculation of the normal
vibrations.®10-13

The aims of the work reported here are (1) confirmation of
the occurrence of the phase transition of order—disorder type
at 215-225 K (and 105-115 K)” and the glass transition at about
170 K.® and (2) observation of the pressure-induced phase tran-
sitions through the study of the Raman active inter- and intra-
molecular vibrations of stilbene-dy and [*Hj,]trans-stilbene
(stilbene-d|,) crystals at various pressures and temperatures.
The low-frequency Raman bands of stilbene-dy and -dj» crys-
tals are reinvestigated on the basis of the isotopic effect on
the vibrational frequency in order to assign to the intermolecu-
lar rotational vibrations about the x, y, and z axes.

Experimental

Material.  Stilbene-d, obtained from Tokyo Kasei Organic
Chemicals was purified by zone refining of about 100 passages.
Stilbene-d, of 99.7% purity, obtained from CDN Isotopes, was
used without further purification. Samples were powdered as fine
as possible with a mortar and pestle.

Optical Measurement. The Raman spectra of stilbene-d, and
-djy crystals due to the inter- and intramolecular vibrations were
observed with JOBIN YVON T64000-FU Laser Raman Spectro-
photometer at various pressures from 0.1 MPa (1 atm) to about 6
GPa at 298 K. The method of observation of the Raman spectra
is exactly the same as described previously.!*!> A diamond anvil
cell obtained from Toshiba Tungaloy Co. was used for measure-
ments of the Raman spectra at high pressures. The powder sample
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and ruby chips suspended in cedar-wood oil were held in a hole
made in the center of the stainless-steel gasket. The gasket was
placed between the culets of two opposed diamond anvils, and
pressure was generated by turning the driving screw attached to
the plate which supports the diamond anvils. The pressure was ap-
plied by steps of 0.2 GPa from 0.1 MPa to 6 GPa and a series of
measurements were made twice to confirm the reproducibility of
the observed results. The same series of measurements were also
made using nujol as a suspension oil. The pressure inside the gasket
hole was measured by the wavelength shift of the R; fluorescence
line at 694.2 nm emitted from ruby chips, using the equation pro-
posed 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. The Raman spectra of stil-
bene-dj and -d;, crystals were also observed at various tempera-
tures between 77 and 270 K using a cryostat of OXFORD
DN1704. The 514.5 and 488.0 nm beams from an Ar™ ion laser
of Spectra Physics Model 2017-04S were used for excitation.

Results and Discussion

Assignment of the Intermolecular Vibrations. The struc-
tures of the molecule and unit cell of stilbene belong to the
point group C»;, and the four molecules in the unit cell fall into
two symmetrically inequivalent pairs. The intermolecular rota-
tional vibrations about the x, y, and z axes are represented by
R., Ry, and R, respectively. Each vibration splits into two vi-
brational modes, that is, the in-phase and out-of-phase libra-
tions about the rotational axis belonging to the symmetry spe-
cies Ay and By, respectively. Hence, the four molecules in
the unit cell give twelve rotational intermolecular vibrations,
of which six vibrations belong to the A, and six to the B,
symmetry species. Assignment to the symmetry species for
the Raman bands due to these vibrations was made by Bree
and Edelson,® but they did not give any assignment to the
rotational vibrations as regards the axis (x,y,z) about which
the molecule librates in the crystal.

The Raman spectra of stilbene-dy and -d;, crystals in the
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Fig. 1. The Raman spectra of stilbene-dj and -d;, crystals in

the intermolecular vibrational region observed at 298 and
77 K under 0.1 MPa (1 atm).

low-frequency region observed at 298 and 77 K are shown in
Fig. 1. Seven bands marked by 1-7 were observed at 298 K
and eleven bands marked by 0-8 were observed at 77 K as
shown in Fig. 1. The spectral structure observed at 298 K is al-
most the same as that observed at 77 K except for shifts of the
bands and resolution of the bands marked by 0, 4’, and 4” and
the increase of the relative intensity of bands 7 and 8 compared
with the other bands at 77 K. The broad band 7 splits into four
bands at 77 K, as suggested for stilbene-dj crystal by Bree and
Edelson.® The frequencies of the individual splitting bands
were evaluated to be 118 (106), 120 (108), 123 (111), and
128 (115) cm™" at 77 K by the curve-fitting method using the
Voight function. The vibrational frequencies outside and inside
of the parentheses are referred to as the frequencies for stilbene-
dy and -d;, crystals, respectively.

The observed frequencies of the Raman bands due to the in-
termolecular vibrations are given in Table 1 together with the

Table 1. Frequencies of the Stilbene-dy and -d;, Crystals at 298 and 77 K in the Intermolecular Vibrational Region

Stilbene-d, Stilbene-d,» R.FY
Band 298 K 77 K 42 K> 298 K 77 K 298 K 77 K Assignment
D/ecm™! P/em™! P/cm™! D/ecm™! P/cm™!

0 33 349 31 1.06 ch)(ag)d)

1 34 37 40.5 32 35 1.06 1.06 R. (bg)

2 39 43 46.1 38 41 1.03 1.04 R, (ag)

3 54 55 58.0 52 53 1.04 1.04 R, (by)

4 58 62 64.7 55 58 1.05 1.06 R. (bg)

4 65 68.1 63 1.03 R, (ag)

4" 70 74.0 67 1.04 R, (by)

5 77 83 86.5 72 78 1.07 1.06 R, (ag)

6 97 102 105.3 85 90 1.14 1.13 R, (ag)

7 108 118 120.7 97 106 1.11 1.11 torsion®
120 123.4 108 1.11 torsion®
123 127.0 111 1.11 torsion®
128 131.5 115 1.11 torsion®

8 139 143.9 123 1.13 intramolecular

a) Ratio of frequency of stilbene-dy and -di» (V4,/V4,,) b) Taken from Ref. 6. ¢) Ry, Ry, and R, correspond to
intermolecular rotational vibrations about x, y, z axes, respectively. d) Symmetry species are taken from Ref. 6.

e) Assignment to torsion is taken from Ref. 6.
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Fig. 2. Principal axes of the moment of inertia of trans-stilbene.

Table 2. Moments of Inertia of Stilbene-dy and -d;»

Axis by y z

I, ™ 0.31 3.20 3.51
I, 0.38 3.46 3.87
Ly, /Ta)'? 1.11 1.04 1.05

a) Given in 10~ Kg m? units. dy and d;» refer to stilbene-dy
and -d),, respectively.

isotopic factor of the corresponding bands defined by
Dstilbene-do / Vstilbene-dy,- 1f the observed low-frequency Raman
bands are ascribed to the intermolecular rotational vibrations,
the isotopic factor Vg, /D4, is to be equal to the value of
€y, / I,.do)l/ 2 where I, is the moment of inertia of the molecule
about the principal axes r (= x,y,7), as shown in Fig. 2. The
values of the moment of inertia of stilbene-d, and -d;, mole-
cules and the values of (I,4,,/1,4,)"/? calculated for the molecu-
lar structure at room temperature' are given in Table 2. The val-
ues of the moment of inertia are ranged in the order of I, <1, <
I, and the calculated values of (I,4,,/1,4,)"/? are 1.11, 1.04, and
1.05 about the x, y, and z axes, respectively. By comparing the
isotopic factor of the vibrational frequencies given in Table 1
with the values of (I,4,/1,4,)"/? given in Table 2, the bands 1,
2,3, 4,5, and 6 can be assigned to the R.(b,), R(a,), Ry(by),
R.(b,), R (ay), and R,(ag) vibrations, respectively, where R,,
R,, and R, refer to the intermolecular rotational vibrations
about x, y, and z axes given in Fig. 2, respectively. The bands
0, 4, and 4” observed at 77 K could be assigned to R.(ay),
R,(a,), and R, (b,) vibrations, respectively.
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The four bands resolved from band 7 in stilbene-d;, crystal
were assigned to the overtone vibrations of the intramolecular
torsional mode of the two phenyl rings belonging to the sym-
metry species of b, as assigned for the four bands resolved
from band 7 in stilbene-d; crystal.6 As described later, the in-
tensities of bands 7 and 8 increase with increasing pressure
compared with the intensities of bands 1-6. The intramolecular
vibrations showed the same behavior of intensity increase as
observed for bands 7 and 8 with increasing pressure. These ob-
servations indicate that band 8 can be assigned to the intramo-
lecular vibration.

Temperature Effect on the Intermolecular Vibrations.
Temperature dependences on frequencies and half-band widths
of the Raman bands due to the intermolecular vibrations of stil-
bene-dy and -d;, were studied through observation of the low
frequency Raman spectra at various temperatures between 77
and 270 K under 0.1 MPa. The half-band widths of the Raman
bands were determined by the curve-fitting method using the
Gaussian function. The curves of the plots of the obtained
half-band widths against temperature (temperature—half band
width plots) were essentially the same as those given by
Chakrabarti and Misra:” that is, two break points were observed
in the plots at 105-115 K and 215-225 K.

The plots of the frequency shifts against temperature (tem-
perature—frequency shift plots) measured for bands 1 and 5
are shown in Fig. 3. The frequency shift is defined as Vg —
Vaggk, Where Vrg and Daggk are the vibrational frequencies ob-
served at T K and 298 K, respectively. The frequencies of the
observed Raman bands were calibrated with the plasma lines
from an Ar" ion laser to obtain precise band frequencies.
Changes of the slope of the plot curve were observed at temper-
atures around 100, 140, and 220 K. The peak at about 100 K
and the shoulder at about 220 K could correspond to the break
points at 105-115 K and 215-225 K observed in the curve of
temperature—half band width plots. Observation of a new peak
at about 140 K was confirmed to be real, because of the fact that
all the plots measured for bands 1-7 show the peaks at about
140 K. The two peaks observed at 105-115 K and at about
140 K may be assigned to another type of order—disorder phase
transition. A very weak peak was observed at about 180 K in
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Fig. 3. Temperature—frequency shift plots for the Raman bands of stilbene-dy and -d), crystals in the intermolecular vibrational
region observed at various temperatures between 77 and 270 K under 0.1 MPa.
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Fig. 4. The Raman spectra of stilbene-dj and -d;, crystals in the intermolecular vibrational region observed under various pressures

at 298 K.

Table 3. Frequencies of Stilbene-d, and -d;, Crystals under
0.1 MPa and 4.5 GPa in the Intermolecular Vibrational
Region

Stillbene-d, Stibene-d»
Band 0.1 MPa 4.5 MPa 0.1 MPa 4.5 GPa
D/cm™! D/cm™! P/cm™! D/cm™!
1 34 59 32 55
2 39 74 38 73
3 54 100 52 97
4 58 95 55 91
5 77 141 72 132
6 97 181 85 167
79 108 202 97 189

a) Band 7 consists of four bands. See Table 1.

the plot of band 1, but this peak could not be observed in the
plots for the other bands. Hence, we could not confirm the ex-
istence of the peak at about 170 K assigned to the glass transi-
tion by Saito et al.®

Pressure Effect on the Intermolecular Vibrations. The
Raman spectra of stilbene-dy and -dj, crystals observed under
various pressures in the intermolecular vibrational region are
shown in Fig. 4. The Raman spectra of stilbene-dy and -d,
crystals observed at 0.1 MPa consist of seven bands, marked
by 1-7 in the figure, while the spectra at high pressure consist
of eight bands marked by 1-8. Figure 4 shows that bands 1-8
shift to the higher frequency side and the relative intensity of
bands 1-6 becomes weaker compared with bands 7 and 8 with
increasing pressure. The frequencies of the Raman bands ob-
served at 0.1 MPa and 4.5 GPa are given in Table 3. Resolution
of the broad band 7 into four bands could not be made by the
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Fig. 5. Pressure—frequency shift plots for the Raman bands
of stilbene-dj and -d|, crystals in the intermolecular vibra-
tional region observed under various pressures at 298 K.

curve-fitting methods because of the excessive diffuseness of
the band.

The frequency shift is defined as Vpgpa — Vo.impa, Where
Vpgpa and Vg mvpa are the vibrational frequencies observed at
pressures of p GPa and 0.1 MPa, respectively. The plots of
the observed vibrational frequency shifts against pressure
(pressure—frequency shift plots) are shown in Fig. 5. Since
strong and sharp Raman bands were selected for the measure-
ments, the precision of the band frequencies was estimated to
be less than 0.5 cm™' under 0.1 MPa, as considered from
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the reproducibility of the calibrated Raman bands. The error in
measurement of band frequencies was estimated to be less than
+1.5cm™! at 4 GPa.

As can be seen in Fig. 5, the temperature—frequency shift plot
for the band 1 shows two shallow and distinct dents at pressure
around 1.5-2 and 4 GPa, respectively. The frequency shift in-
creases continuously up to 1.5 GPa, becomes almost constant
up to 2 GPa, increases continuously again from 2 to 4 GPa,
and then increases steeply from 4 GPa with increasing pressure.
The frequency shift of band 5 increases continuously with in-
creasing pressure up to 4 GPa, where a shallow dent was detect-
ed; the frequency shift increases continuously again with in-
creasing pressure up to 5.5 GPa. The behavior of variations
of the frequency shifts at pressure regions 1.5-2 GPa and 4
GPa and the fact that no clear change of the spectral structure
was observed at the pressures from 0.1 MPa to 5.5 GPa will
be discussed later, together with the results obtained for the in-
tramolecular vibrations. The Raman bands due to the intermo-
lecular vibrations become diffuse with increasing pressure and
thus the half-band width could not be determined through the
analysis of the band shapes by the curve fitting method.

Pressure Effect on the Intramolecular Vibrations. The
Raman spectra of stilbene-dy and -d;, crystals in the intramo-
lecular vibrational region are given in Fig. 6, where the vibra-
tional assignments given by Meic and Giisten' are shown. The
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spectral structure observed under various pressures is essential-
ly the same as that observed at 0.1 MPa,'° except for the blue
shift of the bands and the increase of the half-band width with
increasing pressure, as can be seen in molecular crystals.!”"!8

Study of the pressure effect on the vibrational frequency was
made for the five strong and well-resolved bands under high
pressure. The five bands were observed at 997, 1327, 1193,
1595, and 1640 cm~" under 0.1 MPa for stilbene-dy.'® These
bands were assigned to the vy, (ring deformation), H’ bending
(H' is ethylenic H atom), C—¢ stretching (¢) refers to phenyl
ring), Vg, (ring deformation), and ethylenic C=C stretching
vibrations, respectively.!® The bands observed at 956, 1016,
1151, 1554, and 1594 cm™! under 0.1 MPa for stilbene-d;»
were assigned to the vy, D’ bending (D’ is ethylenic D atom),
C—¢ stretching, Vg,, and ethylenic C=C stretching vibrations,
respectively. The frequencies observed at 0.1 MPa and 4.5
GPa are given in Table 4.

The pressure—frequency shift plots for the bands due to these
vibrations are shown in Fig. 7. The band due to the H' bending
vibration of stilbene-dy was not detected because of overlap-
ping with the strong diamond band at 1333 cm~! with increas-
ing pressure. Figure 7 shows that (1) the frequency shifts in-
crease monotonously with increasing pressure up to 1.5 GPa
at the rate of 2-10 cm ™' /GPa, (2) the frequency shifts decrease
very slightly (or stay almost constant) with increasing pressure
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Fig. 6. The Raman spectra of stilbene-dj and -d,, crystals in the intramolecular vibrational region observed at various pressures at

298 K.
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Table 4. Frequencies of Stilbene-dy and -d;, under 0.1 MPa
and 4.5 GPa in the Intramolecular Vibrational Region

Stilbene-d,, Stilbene-d;,

Vibrational
0.1 MPa 4.5 GPa 0.1 MPa 4.5 GPa
mode — — — —
P/ecm™! P/cm™! P/cm™! D/cm™!
Vi 997 1010 956 965
H’ bend® 1327 1016 1025
C—¢ str. 1193 1218 1151 1169
Vga 1595 1611 1554 1572
C=C str. 1640 1658 1594 1617
a) H is replaced by D in stilbene-d,.
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Fig. 7. Pressure—frequency shift plots for stilbene-dy and
-dp crystals in the intramolecular vibrational region
observed at various pressures at 298 K.
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from 1.5 GPa to 2 GPa, and (3) the frequency shifts increase
again monotonously with increasing pressure from 2 and 5.5
GPa at the rate of 2-10 cm™! /GPa, depending on the vibration-
al modes. Careful observation of the plots indicates that a quite
shallow dent exists at 4 GPa. The variational behavior of the
frequency shift at pressure region 1.5-2 GPa was observed
more prominently for stilbene-d;, crystal than for stilbene-dj
crystal. The observation of the changes of frequency shifts at
1.5-2 GPa and 4-5.5 GPa is in accord with the observed result
for the intermolecular vibrations.

The pressure—half band width plots for the V5, C—¢ stretch-
ing, and Vg, vibrations are shown in Fig. 8. This shows that (1)
the slopes of the curves of the pressure—band width plots for the
bands v;,, C—¢ stretching, and Vg, vibrations increase slightly
(or almost constantly) from 0.1 MPa to 1.5 GPa, (2) the slopes
decrease very slightly (or stay almost constant) from 1.5 to 2
GPa, (3) the slopes increase slightly from 2 to 4 GPa, and (4)
the slopes increase greatly from 4 to 5.5 GPa.

The pressure-induced frequency shift and variation of the
half-band width are related to the change of the intermolecular
interactions.!*#!>1718 If a first-order phase transition takes
place, the crystal structure deforms abruptly and discontinuous
changes of the frequency shift and band width are expected to
be observed at the pressure where the phase transition is in-
duced. On the other hand, if a second-order phase transition
takes place, the crystal structure deforms continuously over
the pressure regions, where the phase transition is induced,
and inflectional variations of the slopes of the pressure—
frequency shift plots and pressure—band width plots are expect-
ed to be observed.

The observed changes of the pressure—frequency shift plots
and pressure—band width plots for the inter- and intramolecular
vibrations for stilbene-dy and -d;, crystals indicate that the in-
termolecular interactions change at the pressure regions 1.5-2
GPa and 4 GPa: that is, the phase transitions take place at these
pressure regions: 1.5-2 GPa and 4 GPa. The pressure—frequen-
cy shift plots and pressure—half band width plots do not show
clear discontinuous change but the slopes of both the plots show
inflectional variation at these pressure regions: 1.5-2 GPa and 4
GPa. These results indicate that the second-order phase transi-
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Fig. 8. Pressure-band width plots for stilbene-dy and -d,, crystals in the intramolecular vibrational region observed at various pres-

sures at 298 K.
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tions take place at 1.5-2 GPa and 4 GPa regions in stilbene-dj
and -dj, crystals.

The compression for crystals at the temperature of 77 K un-
der 0.1 MPa approximately corresponds to the pressure of about
1 GPa applied to crystals at room temperature. No changes of
the slopes of the pressure—frequency shift plots and pressure—
half band width plots for the intra- and intermolecular vibra-
tions at low-pressure region (see Figs. 5, 7, and 8), correspond-
ing to the changes of the slopes of the temperature—frequency
shift plots and temperature—half band width plots for the inter-
molecular vibrations observed at temperature regions 105-115,
about 140, and 215-225 K (see Fig. 3), could be observed. The
reason for this result may be the fact that the changes of the
slopes of the both plots for the pressure dependences are small
at these low-pressure regions.

The authors thank the Japan Private School Promotion Foun-
dation for Science Research Promotion Fund.
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