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Raman and far-IR studies of hcxamethylbenzene (HhIB) low temperature crystalline phases (neat and isotopic 
mixed) are presented. The Raman phonon spectrum changes drastically during the A-phase transition.Site splittings 
on two intramolecular modes of Hh!B-lr18 (but on only one corresponding HhlB& mode) arc observed in the room tem- 
perature phase (phase II) spectrum.These splittings disappear in the lower temperature phase (phase III).Tbe methyl 
torsional bands are identifiedand a significant shift is observed for them during the phase transition.Also.while the h- 

phase transition takes place at 113°K (z 2OK) for HhlB-Ir ia crystal, the transition temperature is 133°K (: 2°K) 
for HhlBdla. Our results suggest that (for phonon interactions) the symmetry in phase 111 is close to D~and 
reduces to C, in phase II. Furthermore, the results support the mechanism of phase transition which involves a 
tilling of the methyl groups out of the benzene ring. 

1. Introduction 

The hexamethylbenzene (HMB) crystalline state 
has been a subject of extensive investigation for a long 
time [I- 191. The interest has been manifold: 

(i) it undergoes two phase transitions, one around 
383°K involving a change from triclinic (room tem- 
perature phase, we call it phase II) to orthorhombic 
structure (phase 1) [2] and another, “higher order” (X), 
phase transition takes place around 115°K [3,4] and 
both phases (II and Ill) are assumed to have triclinic 
structure [5]; 

(ii) it is one of the simplest molecular crystals as 
in both phase II and Ill there is only one molecule 
per unit c:ll [S], being thus ideal for investigating 
solid state interactions among translationally equiva- 
lent molecules and their dynamical manifestations; 

(iii) it is a prototype system for studying the role 
cf internal methyl group rotations and possible collec- 
tive rotations in phase transitions. 

The lower temperature (115°K) phase transition 
has received considerable attention from spectroscop- 
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ists. As the crystal structure change during the phase 
transition is probably small. so that X-ray studies 

would not shed much light on the nature of the phase 
transition, various spectroscopic techniques such as 
NMR [6-g], neutrorr diffraction [lo], neutron inco- 
herent scattering [ 11, 121 and optical spectroscopy 
[13, 15,19.20] have been used to investigate the 
nature of the phase transition at the microscopic (mo- 
lecular) level. 

A sensitive criterion for studying the phase transi- 
tion at the microscopic level is the unit cell symmetry, 
or the site symmetry (these are the same in the case of 
the hexamethylbenzene crystal - one molecule per 
unit cell). Thus any investigation which makes use of 
the selection rules based on the symmetry of the unit 
cell can provide valuable information regarding the 
phase transition. Unfortunately, NMR or neutron 
scattering transitions are not restricted by such selec- 
tion rules. Optical spectroscopic investigations of the 
various excitations (electronic, vibronic, intermolecu- 
lar vibrational and phonons) on the other hand do in- 
voke crystal symmetry selection ruies. Thus Schnepp 
[IS], from his studies of electronic spectra of the two 
phases of hexamethylbenzene suggested that the site 
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symmetry in the phase above 115°K (phase II) is Ci, 
whereas below 11 S”K (phase 111) it may be ashigh as Sg. 
However,electronic states in a molecular crystal are 
usually affected by the crystalline environment only to 
a small extent (the crystalline environment can be con- 
sidered as a minor perturbation). Furthermore, the 
lowest electronic states which have been studied are 
non degenerate (tB2,,, 3BtU in a D6,, framework) and 
by themselves are unable to reveal splittings due to the 
crystal symmetry. Vibronic bands, in principle, can 
yie!d such information but suffer from complication 
such as vibronic selection rules, appearance of over- 
tones, combination bands and phonon structures. 
Intermolecular motions (phonon states) on the other 
hand are entirely due to solid state imeractions and 
the crystal interaction is not a miner perturbation. In 
view of this, optical spectroscopy studies of phonon 
states shcluld provide us with direct information about 
the unit cell symmetry and also about the degenera- 
ties contained in the crystal symmetry. Also, the stu- 
dy of intramolecular vibrations of HMB which corres- 
pond to benzene degenerate vibrations can yield in- 
formation about the degeneracies possible in the two 
phases. Furthermore, the study of methyl torsions, 
which are intermediate in nature with respect to intra- 
molecular vibration on one band and lattice vibration 
on the other [21,22], can be of significant importan- 
ce in this concern. The present investigation was under- 
taken with these considerations in mind. 

We present experimental results on the Raman and 
far-IR spectra of hexamethylbenzene neat and iso- 
topic mixed crystals in both phases 11 and 111. The 
isotopic mixed crystal study helps us in identifying 
the nature of the transitions (intramolecular vibration, 
torsion or lattice vibration [22D and also gives infor- 
mation about the role which dynamical interactions 
play in these motions. 

The results show that though the barrier height for 
the methyl torsions does change the phase transition, 
the phase transition does nor occur due to the onset 
offree rotation of methyl groups. The phonon struc- 
ture changes drastically from one phase to the other. 
We also observe some changes in the Raman spctra 
of the intramolecu!ar modes. These observations lead 
us to suggest that the site symmetry in phase 111 is 
close to DM and reduces io Ct in phase 11. The nature 
of the phase transition is discussed with respect to 
such a change in site symmetry. 

2. Experimental 

Hexamethylbenzeneh18 and hexametbylbenzene- 
d18 (Merck, Sharp and Dohme, 98% atom deuterium) 
were purified by recrystallization from ethanol solu- 
tion. For Raman experiments neat crystals and iso- 
topic mixed crystals were grown from the melt in a 
capillary under vacuum. The capillary containing the 
crystal (which remained under vacuum) was used for 
the experiment. Regulated flow of cold nitrogen vapor 
provided a variable temperature bath: room tempera- 
ture to lOOoK. The temperature was measured with 
the help of a copper constantan thermocouple. The 
accuracy of the temperature measurement wasabout 

+ 2’K. To get temperatures lower than 1 OO’K, helium 
vapor was used. The spectra were recorded photoelectric- 
ally using direct current on a Ramalog-Spex double 
spectrometer model 1401. An argon ion laser from Co- 
herent Radiation Laboratory was used as the excitation 
source. The excitation line was the 488OA laser emis- 
sion which was selected by a suitable interference fil- 
ter. The spectral resolution was about 1 cm-t. 

For far-IR experiments hexamethylbenzene neat 
and isotopic mixed crystals were grown from a ben- 
zene solution over water. This yielded thin crystal 
plates of large area. Crystals of thicknesses from 0.2 
to 0.5 mm were used for the experiment. The expcri- 
ments were done at room temperature and at liquid 
nitrogen temperature. For tire latter, a low tempera- 
ture cryostat was used which was evacuated between 
the inner and the outer dewar. The sample was moun- 
ted on the cold finger attached to the inner dewar 
which contained liquid nitrogen. The windows of the 
cryostat were made of polyethylene. The spectra were 
recorded in double beam operation on a Digilab Four- 
ier transform spectrometer model FTS-16. 1000 scans 
were taken both for sample and reference. They were 
averaged, ratioed and the plot was smoothed. The reso- 
lution used was 2 cm-l. 

3. Results 

Fig. 1 shows the Raman spectra of hexamethyl- 
benzene&t8 (HMBJrt8) in the region 25 to 210 cm-1 
at a series of temperatures. At room temperature 
(phase II) a moderately sharp band (halfwidth Z= 
10 cm-l) is observed at 55 cm-l and a broad peak 
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Fig. 1. The Raman spectra of neat HhtB-lr tb crystal in the 
region 25-200 cm-‘. A and B are, respectively, phase II spec- 
tra at room temperature and 116°K. Spectrum C corresponds 
to a mixture of phase II and III at 113’K and D is that of 
phase Ill at 93°K. The spectral resolution is = I cm-‘. 

(halfwidth = 25 cm -I) is seen at 120 cm-l. With 
decrease in temperature, the 55 cm-r band gradually 
shifts to 61 cm-l at 116°K (right above the phase 
transition). At this temperature the band at 61 cm-r 
has a halfwidth of 5 cm-*. The band at 120 cm-l is 
still broad (z 15 cm-t) and asymmetric, and it is hard 
.to estimate the temperature shift. Also, with the lower- 
ing of temperature a broad shoulder starts appearing on 
the higher energy side of the 120 cm-l band. Though it 
is hard to locate the peak position for this shoulder an 
approximatevalue is 16Ocm-1 at 116°K. It took over 
2 h to have a complete phase transition at a constant 
113°K temperature. The spectrum changes markedly 
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Fig. 2. The Ramau spectra of neat HhIBdl8 in the region 
25-200 cm-’ at a resolution of 1 cm-‘. A and B are. respec- 
tively, phase II spectra at room temperature and 135°K. C is 
that of a mkt.ue of phases I1 and 111 at 133°K. D is the spec- 
trum of phase 111 at 126’K. The peak at 37 cm-’ in the spec- 
tra is due to an Ar ion non Issing emission. 

during the phase transition. Spectrum C corresponds 
to a mixture of both phases, and it can be seen that 
the band at 61 cm- 1 is disappearing while a s!rong 
and sharp band (halfwidth = 5 cm-l) at 108 cm-l 
and a moderately sharp band (halfwidth = 8 cm-*) 
at 165 cm -* appear. In spectrum D, phase II has 
disappeared completely and it is thus the spectrum of 
phase III,where wesee bandsat 108and 165cm-*.Our 
results thus agree with those obtained by other workers 
!19,20]. 

Fig. 2 shows the Raman spectra of HMi34,8 in the 
region 25 to 200 cm-t taken at a series of tempera- 
tures. The features exhibited are similar to that of 
HMB-Irr8. Again, at room temperature, we see a band 
at 50 cm- 1 (halfwidtli = 10 cm-r) and a broad peak 
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Fig. 3. The Raman spectra of 50% HhlB4 Ia and HhlB-dls 
isotopic mixed crystal in the region 25-200 cm-’ at a resolu- 
lion of 1 cm-’ . A and B are. respectively, phase I1 spectra 
al room temperature and 120°K. C is the spectrum of phase 
111 at 100°K. 
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Fig. 4. The Raman spectra of Hh!Bkja in the region 200 to 
1800 cm -’ St P resolution of 1 cm- . A and B are, respec- 
tively, the spectra of phase 111 at 100°K and of phase II a( 
115 K;. 
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Fig. 5. The Raman spectra of HhlBhta crystal in the region 
1350-1380 cm-l. A and B are, respectively, the spectra of 
phase III at 100°K and of phase II at 115°K. 

at 110 cm- 1 (halfwidth = 25 cm-l). As we lower the 
temperature, the peak at 50 cm-t shifts to 55 cm-’ 
in going from room temperature to 133°K and the 
broad feature at 110 cm-l is now replaced by two 
broad peaks at about 107 cm-’ and 125 cm-‘. The 
phase transition takes place at 133OK and the spectrum 
consists of bands at 95 and 125 cm-t. 

Fig. 3 shows a simi!ar study on 50% HMB-h18 and 
I-IMB-dt8 isotopic mixed crystals. At room tempera- 
ture (A). the phase II spectrum consists of a band at 
53 cm-l and a very broad one (halfwidth 25-30 
cm-l) around 113 cm-l_ The phase transition takes 
place at 120°K. The phase III spectrum (C) at 115°K 
consists of peaks at 102 cm-l, 160 cm-l and a shoul- 
der at 120 cm-‘. The spectra of liMB-h18, HMB-dlg 

and a 509L~ mixture were also taken at several tempera- 
tures below 100°K (down to 2S°K). Except for small 
frequency shifts and some sharpening no significant 
change was observed in their spectra. 

We looked carefully for far-IR transitions in the 
region 27-200 cm-l with samples of different thick- 
ness. There is no indication of any absorption band 
either in phase II or phase III in the neat crystals. 
From this we conclude that hexarnethylbenzene does 
not have any IR active phonons in phases II and III. 

We also made a comparative study of the Raman 
active intramolecular modes for phases II and III. Fig. 
4 shows such a comparison for m4t8 in the region 
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Fig. 6. The Raman spectra of HMB-dta crystal in the region 
315-340 cm-‘. A and B are, respectively, the spectra of 
phase. II1 at 100°K and phase II at 135°K. 

Fig. 7. The Raman spectra of HMB-dta crystal in the region 
1000-1100 cm-‘. A and B are, respectively, the spectra of 
phase Ill at 120°K and phase I! at 135“K. 

ENERGY km-‘) 

Fig. 8. The Raman spectra of neat and isotopic mixed crysrals 
in the region 356-386 cm-‘. CA is the concentration of 

HhlBh 18 and CR that of HMB-dta. The upper spectrum was 
t&en at 120°K and the lower at 132°K. 

200 to 1800 cm- t . The most prominent change is 
observed on the 364 cm- 1 fundamental of phase 111 
which splits into a doublet at 360 and 369 cm-t in 
phase II. A similar change takes place for the 1370 cm-* 
band of phase III, which is replaced by peaks at 1365 
and 1368 cm-t in phase II. Fig. 5 shows thi; splitting 
at greater dispersion. The peak at 1402 cm-t shifts to 
1392 cm-l in going from phase 111 to phase II. 

A similar study was also made for HMB-dtg. The 
bands are in general broader cotnpared to HMB-It18 
ones. One possible source of broadening might be 
various isotopic impurities in the HMB-dla samples, 
as it had only 98% deuterium atom purity. Again, the 
329 cm-l band which corresponds to the 364 cm-t 
one of HMBJrlg splits into a doublet at 327 and 333 
cm-l in going from phase 111 to phase II. This feature 
is shown in fig. 6. Also in phase II of HMB-dtg there 
is a broad partially resolved band with peaks at 1045, 
1053 and 1062 cm-l (tig. 7). The peaks sharpen 
considerably in phase 111 with the 1053 cm-l peak 
shifting to 1056 cm-l (fig. 7). 

We also did an isotopic mixed crystal study on the 
intramolecular modes. The spectrum obtained in both 
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phases can be explained as a superposition of HMB 
$118 and HhlB-dt8 spectra. In phase ii, the doublets 
seen at 360 and 369 cm-t in the H!!B-/ltg spectrum, 
and at 327 and 333 cm-l and the HhlB-dig spectrum, 
seem to show some change in structure. This change 
for HMB-lrt8 is shown in fig. 8 We see that in the 50% 
isotopic mixture the splitting reduces from 9 to 5 
cm-t and the peaks broaden a little bit. The HhIB+8 
band shows a similar behavior. As these bands are weak 
we were not able to get the guest spectra of dilute (10%) 
isotopic mixed crystals. 

4. Discussion 

The absence of any absorption in the far IR and 
the mutual exclusion of IR transitions and Raman 
transitions indicate that the site symmetry contains 
a center of inversion (at least effective) in both phase 
Ii and phase Iii (this is especially clear because the 
hexamethylbenzcne crystal has only one molecule per 
unit cell). There arc six phonon branches. At k = 0 
(center of Brillouin zone) three are pure librationd 
motions and are Ra;nLn active. The other three k = 0 
motions are pure translationa! ones and belong to 
acoustical branches which are optically inactive. 

Using our previously developed criterion 1221 we 
find from the isotopic mixed crystal studies that in 
phase 111 the IO8 cm-t band in HRlBJi tg (and the 
corresponding 95 cm-l one in Hh!B-dt8) is due to a 
librational phonon (librational exciton [211). The evi- 
dence is that this mode is in the amalgamation limit 
[22] and the energy shifts from one component valise 
to another in going through the isotopic mixed crystais. 
Also, in phase ill. the I65 cm-* band of HMB-Irt8 
and the 125 cm-l one of HhlB-d,, are due to methyl 
torsions. This again is derived from the isotopic mixed 
crystal study and the isotope shift. In 50% isotopic 
mixed crystals, we see two bands corresponding to 
both HMBJI~~ and Hh!B-dt,. &owing that this mode 
is in the separated band limit of the mixed crystal. 
Furthermore, the observed isotope ratio vHMBht,/ 
uHMB-dt8 = 1.32 is close to the theoretical value [ 191 
1.40 for the methyl torsion. 

in phase ii, at room temperature, the 55 cm-l 
Land of HMBJrt8 and the 50 cm-l one of HhIB-d,, 
are again in the amalgamation limit as can be seen 
from the 50% isotopic mixed crystal spectrum (fig. 3). 

The bands at 120 cm-* in the HMBSI,, spectrum 
(fig. IA; and at 110 cm--l in the HMB-dt8spectrum 
(fig. 2A) are broad but seem to be in the amalgama- 
tion hmit. These are, thus, due to librational phonon 
Van&ions. In the case of liMBSIt the shoulder at 
160 cm-t (fig. IB), which appears right above the 
phase transition (116”K), is due to methyl torsion and 
it shifts to 165 cm-t in phase III (figs. IC, D). In the 
case of HMBd18 the peak corresponding to the 160 
cm-t shoulder of l-MB-h 

‘B 
in phase II is probably the 

broad feature at 125 cm- (fig. 2B). From the isctop 
ic mixed crystal studies we thus conclude that in 
phase ii there are two bands due to librational 
phonons while in the low temperature phase there 
is only one. The band due to methyl torsion shows 
a shift of about 0 to 5 cm-t in going through the phase 
transition. 

The intramolecular fundamental (364 cm-l of 
HhlB-/ztg, 329 cm-l of HMB-dt3 in phase 111). which 
splits into a doublet in phase 11, is the 282 cm-t ex- 
cited state mode observed by Schnepp and McClure 
[ 141 in the absorption spectra of HhlBJzt8. In a sim- 
ple model this mode seems to correspond to the 846 
cm-t ground state mode of benzene [ 14.231. From fig. 
8, we see that this splitting in phase II exists even in the 
isotopic mixed crystal, though the splitingdecreases 
(from 9 to 5 cm-t for HMBh,,) and the transitionsare 
somewhat broader.The broadening and the decrease of 
the splitting indicate the importance of dynamical 
interactions, but as the crystal in phase Ii has only 
one molecule per unit cell, the splitting cannot be a 
Davydov splitting. This is also supported by the ob- 
servation that the splitting does not completely 
broaden in the 50% mixture. From all these consider- 
ations we conclude that the splitting is a “site” split- 
ting of the mode which corresponds to an EQ mode of 
benzene. We note here that, except for an “ideal 
mixed crystal” (dilute!) the site splitting contains 
dynamic (exciton) contributions 1241. 

The fact that the site splitting disappears in phase 
Iii, suggests that the site in phase III contains at least 
an approximate three-fold symmetry and that this 
symmetry is removed in phase II. The result is not 
surprising. If we look into the room temperature cry+ 

tal structure of hexamethylbenzene 151, we fiid that 
the moleculesare stacked iit layers and lie almost exact- 
ly in the (001) crystallographic plane. The symmetry of 
this(O0 I) layer is nearly nexagonal. This molecular ar- 
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Table 1 
Correlation diagram for possible groups of he.xamethylbenze 
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rangement is shown in fig. 9. The C3 axis of the site is the 
“6-fold” molecular (carbon frame) axis which is perpen- 
dicular to the molecular plane. This is the z axis of libra- 
tion.The Xand Yaxes are the two axes in the molecular 
plane. The point groups of the lowest order which con- 
tain C3 and Ci as symmetry elements are Se, C6h and 
Dsd.Table 1 shows the correlation among groups Ctjh, 
De,, D,,, Se and Ct. It can be seen that in both S, and 
C,, symmetry all three librations RX, Ry and R, are 
Raman active, whiIe in the DJd point group Rx and Ry 
are Ramanactive but R, is forbidden. As R, and s are 
degenerate in all three symmetries, we should expect 
two librational phonon bands in the Raman spectra 
if the site has Se or Ceh symmetry. On the other hand, 
if the site symmetry is D3d ordy one band due to 
libration is expected. The experimental observation 
of a single band due to librational phonons thus 
supports D,d site symmetry in phase III. In phase 11, 
as we have discussed earlier, the Cj symmetry is re- 
duced to Ci. In this symmetry the Rx and Ry degener- 
acy is removed and R, becomes allowed. The broad 

band at I20 cm-t in the HMBJtt, spectrum, and at 
110 cm-t in the HMB-d18 spectrum, we attribute to 
the unresolved RX and R*v librations, while the new 
band which appears at 55 cm-t in HMB-h,, and at 
50 cm-1 in the HMB-d,* spectra (room temperature) 
we attribute to the R_ libration. Thisassignment isalso 
consistent with the fact that the libration 5 (the 

Fig. 9. The nearly hexagonal molecular arrangmcc! [S 1 in 
the (001) layer of HMBht8 crystal at room temperature. 
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Table 2 

HMBJrt, frequencies HMB-dla frequencies Nature of Symmetry in 
(cm-’ ) (cm-‘) excitation D~6group 

phase II (I 16°K) phase 111(11S”K) phase II (133OK.I phase 111(125aK) 

61 55 R, liiration 
120 108 

A2g 
3 ‘107 95 RXandR,, Eg 

libration 
= 160 165 J 125 125 methyl 

torsion 
A% 

360 
369 364 327 

333 329 
inlramo- 
kCllliU 

‘1365 
1368 1370 

intramo- 
ItXUlar 

Ee 

1392 1401 1053 (broad) 1056 methyl E, (?I 
to&n (?) 6 .-- 

libration about the six-fold molecular axis) has the 
largest moment of inertia and should be the lowest fre- 
quency libration if one assumes comparable force 
constants. Hamilton et aI. [IO], quote a value of 30 
cm -I for the R- libration frequency which they cal- 
culate from the rms libration amplitude. This fre- 
quency, thus, represents some mean value. It should 
be remembered that our value corresponds to the k = 0 
mode and if the li = 0 mode of this libration is at the 
top of the band, our result will be consistent with 
their predictions. 

The I370 cr?-l mode of HMB-II,,, which shifts 
and splits in phase II has been related to the 3056 cm-l 
EIpI mode of benzene [23]. The 1392 cm-’ HMB-!z18 
band of phase II shifts to 1402 cm-* in phase 111. In 
the case of Hi%lB-d,8, three partially resolved peaks are 
seen at 1045, 1053 and 1062 cm’-’ in phase Il(fig. 7) 
and are seen fully resolved in phase 111 with the 1053 
cm-l peak shifting to 1056 cm-t. In view of similar fre- 
quency shifts during the phase transitions the 1056 cm-l 
band of HMBdI,, appears to be analogous to the l4C2 
cm-l HMB-ht8 band. The isotope ratiovHh~Bhlg/ 
uHMB-& = 1.32suggests that this mode may be an- 
other methyl torsion, As there are six methyl groups 
we expect three gerade modes (and three ungerade 
modes). In the DJd point group one of them, which in- 
volvesa geared methyl motion, belongs to the AZg repre- 
sentation while the other two belong to the Ep reFre:en- 
tation. We thus attribute the 165 cm-t band to the A2g 

methyl torsion, and the 1402 cm-l one may be the 
E, methyl torsion. Ron and Hyams [20]* have assig- 
ned the 1402 cm- t band of HMFNI,~ to the degener- 
ate CH, deformation mode. 

The results of the present investigation are summar- 

ized in table 2. 
Schnepp [ 151 from his electronic spectroscopic in- 

vestigations, suggested that the molecular symmetry 
in the low temperature phase is probably Ci but possi- 
ble as high as S6. The molecular symmetry should 
strictly speaking, be the site symmetry. As we adop- 
ted a D3d symmetry, our resultsseem to be in conflict 
with those of Schnepp (however, see below). The elec- 
tronic spectra of HMB-h18 has also been investigated by 
Gott [22]. He sees a vibronic band at 700 cm-l from the 
origin in the HMB-h,g absorption spectrum of phase II 
at 77’K(supercooled phase lI).This band doesnot ap- 
pear in the phase III spectrum.Thisvibration corres- 
ponds to the 1326 cm-l (A.$ vibration of benzene@ 
D,jh symmetry). It isallowed in the S6 and Csh symme- 
tries but forbidden in Dsd (see table I).This observation 
favors the Djd symmetry for t.hemolecule.The problem, 
however, arises in explaining the observation of the 
band due to geared methyl torsion which has Alg “ym- 
metry and is forbidden in the DM point group but IS 
allowed in the Sg and C6t, groups. We think that the 
molecular symmetry is, perhaps, not far from D,,. It 
is then possible that some interactions feel DJd (or 
even D6d symmetry while lor others (like the methyl 
torsion) the effective symmetry may be S6 or C6)I. 

Finally we would like to consider the nature of the 

l Ron and Hyams [20] report that in their 2’K Raman spec- 
tra a new band appears at 737 cm-’ which they do not see 
in the spectra at higher temperatures (5 100’K). Using a re- 
cently purchased Helitran TM cryotip fram Air Products 
and Chemicals inc., we were able to take the Raman spec- 
trum of HMBlla at about 5°K. We have not seen any bands 
in the region 600 to 1000 cm-‘. 
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phase transition in light of the above discussed change 
in site symmetry. It has been suggested [IS] that above 
the phase transition the methyl groups tilt out of 
the benzene planar ring. Such tilting can easily reduce 
the symmetry from D3, to Ci. Our results seem to sup- 
port this mechanism of phase transition. We see that 

most bands due to methyl torsions change in frequency. 
Furthermore, the degenerate modes which show site 
splitting involve methyl motion. The largest site split- 
ting is seen on the 364 cm-’ mode of HMlM18. This 
mode is the C-CH3 1 bending mode and corresponds 
to the 846 cm-l C-H 1 bending mode of benzene. 

The C-CH, 1 bending motion is expected to be great- 
ly affected by the tilting of the methyl groups. The 
1370 cm-l mode of l-MB-/t,, which shows a 3 cm-* 
site splitting in phase II also involves methyl group 
motion (derived from the benzene C-H stretching). 
The degenerate ring vibrations do not show any split- 
ting. From these considerations it seems that there is 
no distortion in the benzene ring*. Furthermore, the 
phase transition for HMBJt,, and HMB-d,B crystals 
does not take place at the same temperature and there 
is a difference of 20°K in the two transition tempera- 

tures. Such a large isotopic effect can easily be accoun- 
ted for by the methyl tilting but not by the ring 
distortion or lattice distortion. 

As the phonon frequencies shift significantly dur- 
ing the phase transition, it appears that the lattice in- 
teraction is very sensitive to the methyl group posi- 
tions. This is what one would expect noticing that the 
methyl groups “stick out” and the crystal potential 
might be derived mostly flom C-H ar,d H-H atom- 

atom interactions among methyl groups of the neigh- 
boring HMB molecules. In such a situation, the methyl 
torsions interact significantly with the lattice motions. 
We think &at the large deviation from the expected 

l A possibility also exists lhat along with mok.cular distortion 
(methyl tilting) the neighboring planes get off-set in phase II. 
so as to readjust and minimize the free energy. and the phase 
transition involves both molecular distortions and lattice 
distortion. 

ratio (1.3 compared with 1.4) is caused by mixing be- 
tween the torsions and the phonons. 
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