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Phonon self-energies and phase transitions in a prototype discotic liquid crystal
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Specific Raman active vibrations in the discotic liquid crystal nematogen hexakis~6-hexyloxy!triphenylene
are shown to be sensitive to either the isotropic↔columnar or the columnar↔solid phase transitions. Changes
in frequency and/or intensity of vibrations with specific symmetries demonstrate that the method can be used
not only to monitor the phase transitions themselves with a microscopic and noninvasive optical technique, but
also to gain physical information on the origin of the molecular interactions that produce them.

PACS number~s!: 33.20.Fb, 64.70.Md, 61.30.Eb, 42.70.Df
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Since the pioneering work of Chandrasekhar@1# on hexa-
substituted esters of benzene, disk-shaped mesogens
been added to the conventional list of textbooklike su
stances that may display liquid crystalline phases@2#. The
study of disklike nematogens has been very active in the
few years not only because of their intrinsic interest in
formation of new liquid crystalline phases, but also due
potential novel applications as fast photoconductors@3#. Al-
though more than 20 years have elapsed since the orig
reports @1#, our knowledge of discotic liquid crystalline
phases is still somewhat limited as compared with the pa
taking collection of experimental evidence available
other liquid crystals~LC’s!. Experiments well established i
other LC’s~like the angular dependence of the sound velo
ties in smectics or the order parameter measurements in n
atics determined by Brillouin@4# and Raman@5# scattering,
respectively! have not been performed so far for the disco
mesophases, and basic aspects of the application of the
tinuum and mean-field theories to them remain to be tes

Optical spectroscopy has always played a central role
the understanding of LC’s in view of the stunning variety
effects they display@6#. In particular, Raman spectroscop
has been used in the past to study the orientational stati
of nematic LC’s through depolarization ratios of specific
brations@7#, and it is the only technique known so far th
can give information on higher order parameters@7# ~aver-
ages of the second and fourth Legendre polynomials over
orientational distribution!. Still, it provided the first experi-
mental evidence of serious discrepancies between the o
tational statistics in nematics and the predictions of
mean-field Maier-Saupe theory@1#. Experiments of this sor
exploit the fact that specific modes, like the C[N stretch
vibration in cyano-biphenyls, have anisotropic Raman t
sors (R̂) which can be probed by an appropriate choice of
incident (eWL) and scattered (eWS) polarizations. Large fre-
quency changes are not normally seen in Raman ac
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modes of nematics at the phase transitions@5,7#, and the
measured intensities are modified not by an intrinsic cha

of R̂ but rather by a purely orientational effect. This implie
that the molecular mean field responsible for the nem
ordering produces a negligible effect on the intramolecu
vibrations being probed by Raman scattering. In other wo
the self-energiesof the modes are not modified, in a firs
approximation, by the nematic ordering. Small changes
the order of;1023 in frequency are sometimes seen in t
transitions to the nematic and smectic phases, and hav
cently been shown@8# to be related to the order paramete
of the different phases. A very different situation occurs
discotics, however, in which the face-to-face interactions
molecules with goodp-orbit overlap along the columns@3#
may result in strong electronic and vibrational changes,
we shall show later.

In this paper we present nonresonant Raman data of
discotic liquid crystal hexakis~6-hexyloxy!triphenylene
~HAT6! and show that, unlike the case of nematics, cl
changes in the frequencies and/or intrinsic Raman intens
of the vibrations are monitored at the different phase tran
tions of this system. Furthermore, different modes are se
tive to different phase transitions according to their intrin
symmetry. This provides a simple method not only to mo
tor the transitions themselves via frequency changes of
man active modes, but also to learn more about the mic
scopic intermolecular electronic interactions that a
responsible for the different phases.

HAT6 has the schematic molecular structure depicted
Fig. 1 and the sample@9# displayed two phase transitions i
the temperature range of our experiments, to wit:~i! a solid
~K! to columnar nematic (Dh) transition atTC

1 ;52°C and
~ii ! a Dh to isotropic~I! transition atTC

2 ;95°C. The critical
temperatures are a few degrees lower with respect to pur
samples@10# due to the presence of a small fraction of im
purities (!0.5%) from the fabrication process, which als
produced a broad luminescence background in the vis
range. Thus, Raman spectra were obtained with
632.8-nm line of a He-Ne laser~15 mW!, to partly suppress
the luminescence, in both depolarized (eWL'eWS) and polarized
(eWLieWS) backscattering configurations. The data were tak
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5346 PRE 61M. NÖLLMANN AND P. ETCHEGOIN
with 2-cm21 resolution by a T64000 triple subtractive Jobi
Yvon spectrometer coupled to a charge-coupled dev
~CCD! detector. The sample was placed inside a quartz t
in a hot stage and the temperature~T! was monitored by a P
resistor. No preferential direction exists in our cells for t
columnar ordering and, therefore, theDh and K phases are
multidomain.

Figure 2 shows the depolarized Raman spectra of HA
centered at;1400 cm21 in the region around theI↔Dh
phase transition. Three Raman active modes are prese
this spectral range, which we label asG1

a ,G1
b , and G2, for

reasons that will be clear later. We concentrate on th
peaks because they display the most interesting changes
function of T. The Raman spectrum of HAT6 comprise
besides, another active mode at;720 cm21 and a
H-stretching band around 2900 cm21 arising from the C6H13
sidebranches, which show little or no change as a functio
T. Note in Fig. 2 that a considerable softenin
(;10 cm21) occurs for theG2 mode across theI↔Dh phase
transition. Moreover, theG2 mode reduces its relative inten
sity with respect to bothG1

a andG1
b acrossTC

2 . This relative
intensity reduction is, on the contrary, not observed atTC

1 .
The frequencies of the peaks can be continuously follow
through both theI↔Dh and Dh↔K phase transitions, an
this is shown in Fig. 3 for the full temperature range of o
experiments. Note that theG2 mode softens atTC

2 and re-

FIG. 1. Schematic molecular structure of hexakis~6-
hexyloxy!triphenylene~HAT6! and its columnar mesophase (Dh).

FIG. 2. Raman spectra centered at;1400 cm21 taken with the
632.8-nm line of a He-Ne laser in the depolarized backscatte
configuration as a function ofT. The temperature range is aroun
the I↔Dh phase transition temperature (TC

2 ), which is ;95 °C.
Note the softening of theG2 mode through the transition as well a
its reduction in intensity.
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mains unaltered for lower temperatures even through
Dh↔K phase transition. The opposite seems to hold forG1

a

and G1
b , which display little or no variation at theI↔Dh

phase transition, but a measurable hardening atTC
1 . As we

shall show later, thissensitivityof the modes to the differen
phase transitions is directly related to their intrinsic symm
try. Further insight can be obtained from depolarization m
surements in theI phase as shown in Fig. 4. To this end, t
depolarization ratio (r5I' /I i) is obtained from the depolar
ized I'(eWL'eWS) and polarizedI i(eWLieWS) scattering efficien-
cies, respectively. Figure 4 shows thatG1

a,b display a larger

g

FIG. 3. Frequencies of theG2 ,G1
a , and G1

b modes vsT. The
I↔Dh (TC

2 ) and Dh↔K(TC
1 ) phase transitions are clearly ind

cated. Note thatG2 softens atTC
2 while G1

a and G1
b harden atTC

1 .
Roughly speaking,G2 is insensitive to theDh↔K phase transition
while the opposite holds forG1

a andG1
b at TC

2 .

FIG. 4. Polarized and depolarized Raman backscattering spe
of the G2 ,G1

a , and G1
b modes in theI phase.G1

a,b show a larger
depolarization ratio thanG2, helping with the symmetry assignmen
of the modes in terms of the irreducible representations ofD3h . See
the text for further details.
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percentage change fromI i to I' than does theG2 mode. This
change is better appreciated forG1

a than forG1
b , simply be-

cause the latter is of smaller intensity and partly super
posed on the tail of theG2 mode.

Summarizing, the basic experimental observations are~i!
the softening~hardening! of the G2 (G1

a,b) mode at the
I↔Dh(Dh↔K) phase transition~Fig. 3!; ~ii ! the intensity
decrease ofG2 at TC

2 relative to theG1
a,b modes~Fig. 2!, and

~iii ! the differentr ’s of the modes~Fig. 4! revealing distinct
intrinsic symmetries. Note thatr is measured in theI phase
where the intermolecular interactions are smaller and,
cordingly, it is supposed to be intrinsic to the molecules. W
shall dwell in what follows on the interpretation of the
experimental facts.

Preliminary calculations of the vibrational modes
HAT6 with the Austin Model 1~AM1! Hamiltonian @11#
show that vibrations in the energy range between 1100
1600 cm21 can be essentially attributed to the triphenyle
core of the molecule~Fig. 1!. However, an exact classifica
tion is not possible at this stage, for vibrational frequenc
obtained by semiempirical methods are typically within 20
of the experimental ones and, moreover, some modes
appear inverted. The C6H13 sidebranches of HAT6 are some
what flexible but, inasmuch as the vibrations are confin
within the inner core of the molecule, a classification
terms of the point group of the central triphenylene co
(D3h) is possible and useful in this case. Figure 4 shows
theG1

a,b modes display a depolarization ratio much less th
3/4, which automatically classifies them as totally symme
vibrations @12#. We believe these peaks to be breathi
modes of the central triphenylene core polarized in thex̂

2 ŷ) plane containing thesh mirror of D3h . In contrast, the
G2 peak displays ar of ;0.7, which is close to the theore
ical r53/4 for vibrations of lower symmetry thanG1. We
assign this mode to aẑ-polarized mode belonging to theG2
representation ofD3h . There are several reasons for this a
signment, which are based upon a physical picture of
molecular interactions at theI↔Dh phase transition. The
overwhelming experimental evidence from photoconduc
ity @3# and semiempirical electronic calculations@13# shows
that interactions among thep electrons of the central triph
enylene core are a key feature of theDh phase. In the paren
compound hexa~hexylthio!triphenylene ~HHTT! @3#, in
which the oxygens of the sidebranches are replaced by
fur, an order of magnitude change in the mobility of pho
generated carriers is seen across theI↔Dh phase transition.
The same mechanism produces a further increase of intr
lumnar mobilities@3# when an additional degree of orde
appears in the helical columnar phase (H); a phase which is
not present in HAT6 but is also a consequence of the c
siderablep-orbit overlap along the columns. Likewise, do
ing with Lewis acids@10# transforms HAT6 and parent com
pounds in quasi-one-dimensional~1D! semiconductors with
bandlike conductivity alongẑ. The Dh phase can be seen
within this picture, as formed by individual molecules th
weakly interact~allowing for bandlike conductivity! and can
freely rotate in the plane perpendicular to the columns~con-
tributing to the main source of disorder affecting t
quasi-1D transport!. We observe that a LC phase transitio
of this sort is somewhat different from what is found in co
-
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ventional nematics. Broadly speaking, the phase transi
here is accompanied by a considerable electronic chang
the individual molecules, and this is unlike convention
nematics where the independence of the molecules is
served to a great degree in both the isotropic and nem
phases. Moreover, it is reasonable to assume within
framework thatẑ-polarized vibrations will be more directly
linked to theI↔Dh phase transition, owing to the fact tha
they directly modulate the intermolecular coupling. In ad
tion, this interaction can lead to the formation of weak
coupled vibrations arising fromẑ-polarized modes. This
should introduce both a weak dispersion and the presenc
a quasimomentum(qW ) for these modes. This might explai
the intensity decrease of theG2 mode across theI↔Dh

phase transition, whereas only collective modes withqW ;0W
contribute. This is exactly what would happen in a scatter
process within a solid where quasimomentum conserva
must be fulfilled. The formation of a quasi-1D structure
the Dh phase could strongly affect the scattering efficien
of collective modes which were dispersionless in theI phase.
On the other hand, aẑ-polarized vibration is not expected t
be very sensitive to theDh↔K phase transition, since th
columns are already formed in theDh phase and the impor
tant interaction in this case is among them. The assump
of a ẑ-polarized mode forG2, in this manner, can explain~i!
the sensitivity of the mode frequency to theI↔Dh transition,
~ii ! the relative intensity reduction acrossTC

2 through the
presence of a weak dispersion,~iii ! the depolarization ratio in
Fig. 4 ~expected for theG2 representation!, and, finally,~iv!
the insensitivity of the mode to theDh↔K transition. An
important question remains, of course, as to whether asoft-

eningof a ẑ-polarized mode can be expected as coming fr
the incipient interaction among the molecules. AM1 calcu
tions on simpler derivatives of benzene with nonsaturatep
electrons, like benzoquinoline, show that it is possible
soften intramolecular modes by direct interaction with
neighbor molecule. These are molecules that, owing to t
small size, do not show a liquid crystalline phase by the
selves, but can be forced to interact on a computer.
redistribution of electronic charge arising from the direct
teraction ofp electrons results in the softening of intram
lecular vibrations by creating a collective mode between
two molecules. This is, however, a demonstration of pos
bility rather than a proof, and a normal mode calculati
with several stacked HAT6 molecules~which is outside our
present computational capabilities! would be necessary to
fully clarify this point. Finally, the breathingG1

a,b modes
should not be very sensitive to the intermolecular coupl
along ẑ. In fact, the molecules can rotate alongẑ in the Dh
phase with relative ease. One would expect, in general,
vibrations with eigenvectors that are essentially polarized
the sh mirror plane would have less influence on the inte
molecular coupling which is dominated byp orbitals along
ẑ. These vibrations should be sensitive, nevertheless, to
Dh↔K phase transition in which the intercolumnar intera
tion leads to a frozen solid phase belowTC

1 . In this manner,
the hardening ofG1

a,b at TC
1 , their insensitivity to theI↔Dh

phase transition, and the intrinsicr in the I phase~Fig. 4! can
be naturally explained.
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In conclusion, we have shown that HAT6 diplays impo
tant changes in some of its Raman active modes at both
I↔Dh and Dh↔K phase transitions. Nonresonant Ram
scattering can be used in this case as an additional techn
to monitor the phase transitions and could, eventua
complement and expand the data obtained by more con
tional methods like NMR spectroscopy@14#. To the very best
of our knowledge, this is the first LC where ample chang
in the vibrational Raman spectrum have been monitore
the different phase transitions, for conventional nema
show changes mainly in the depolarization ratios (r ’s) of
specific modes. Moreover, the study of the symmetry of
Raman active modes can shed some light onto the origi
the molecular electronic interactions, which are, ultimate
responsible for the liquid crystalline phases themselves.
hope that our data stimulate the search for similar or rela
phenomena in the Raman spectra of other discotics. Fin
it is worth noting that the large frequency change
(;15 cm21) observed in this particular discotic at theI
→Dh phase transition implies a considerable electro
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change which, in turn, implies a strong frequency shift of t
modes. This situation is very different from the one observ
in nematics and smectics, as mentioned previously, wh
small changes in frequency are seen, at best. This fac
certainly in agreement with the considerable electro
changes seen in photoconductivity@3# and, in a sense, im
plies that theI→Dh phase transition is of a somewhat di
ferent nature from a typical LC phase transition. The over
of the electronic wave functions is negligible in both th
isotropic and nematic phases in typical LC’s, while in HAT
and its parent compounds the hybridization ofp orbitals
with considerable electronic and vibrational changes se
to be the hallmark of the transition. Our results show that t
overlap can be indirectly studied through the interaction w
specific vibrational modes according to their different sy
metries. In that sense, Raman scattering provides direc
formation on the molecular interaction that produces the
ferent LC phases in discotics.

We are indebted to A. Fainstein for stimulating discu
sions.
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P. Etchegoin, Phys. Rev. E~to be published!.

@9# Purchased from Merck, Poole~England!.
@10# N. Bodenet al., Chem. Phys. Lett.152, 94 ~1988!; N. Boden

et al., J. Chem. Phys.98, 5920~1993!.
@11# M. J. S. Dewar,The Molecular Orbital Theory of Organic

Chemistry~McGraw-Hill, New York, 1969!.
@12# W. Hayes and R. Loudon,Scattering of Light by Crystals

~Wiley, New York, 1978!, p. 112.
@13# P. Etchegoin, Phys. Rev. E56, 538 ~1997!.
@14# D. Goldfarbet al., J. Phys.~France! 42, 1303~1981!.


