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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 hé&dieésyloxytriphenylene
are shown to be sensitive to either the isotrepgolumnar or the columnassolid 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 numbgs): 33.20.Fb, 64.70.Md, 61.30.Eb, 42.70.Df

Since the pioneering work of Chandrasekflron hexa- modes of nematics at the phase transitipfs], and the
substituted esters of benzene, disk-shaped mesogens hawmeasured intensities are modified not by an intrinsic change
been added to the conventional list of textbooklike sub-of R but rather by a purely orientational effect. This implies
stances that may display liquid crystalline phaf2s The  that the molecular mean field responsible for the nematic
study of disklike nematogens has been very active in the lagirdering produces a negligible effect on the intramolecular
few years not only because of their intrinsic interest in theyjbrations being probed by Raman scattering. In other words,
formation of new liquid crystalline phases, but also due tothe self-energiesof the modes are not modified, in a first
potential novel applications as fast photoconducf8isAl-  approximation, by the nematic ordering. Small changes of
though more than 20 years have elapsed since the origingde order of~102 in frequency are sometimes seen in the
reports [1], our knowledge of discotic liquid crystalline transitions to the nematic and smectic phases, and have re-
phases is still somewhat limited as compared with the painscently been showfi8] to be related to the order parameters
taking collection of experimental evidence available forof the different phases. A very different situation occurs for
other liquid crystalgLC’s). Experiments well established in discotics, however, in which the face-to-face interactions of
other LC’s(like the angular dependence of the sound veloci-molecules with goodr-orbit overlap along the columri§]
ties in smectics or the order parameter measurements in nemray result in strong electronic and vibrational changes, as
atics determined by Brillouifi4] and Raman5] scattering, we shall show later.
respectively have not been performed so far for the discotic  In this paper we present nonresonant Raman data of the
mesophases, and basic aspects of the application of the coliscotic liquid crystal hexaki§-hexyloxytriphenylene
tinuum and mean-field theories to them remain to be testedHAT6) and show that, unlike the case of nematics, clear

Optical spectroscopy has always played a central role ithanges in the frequencies and/or intrinsic Raman intensities
the understanding of LC’s in view of the stunning variety of of the vibrations are monitored at the different phase transi-
effects they display6]. In particular, Raman spectroscopy tions of this system. Furthermore, different modes are sensi-
has been used in the past to study the orientational statistié/€ to different phase transitions according to their intrinsic
of nematic LC’s through depolarization ratios of specific vi- Symmetry. This provides a simple method not only to moni-
brations[7], and it is the only technique known so far that tor the transitions themselves via frequency changes of Ra-
can give information on higher order parametgf$ (aver- ~man active modes, but also to learn more about the micro-
ages of the second and fourth Legendre polynomials over th&copic intermolecular electronic interactions that are
orientational distribution Still, it provided the first experi- responsible for the different phases.
mental evidence of serious discrepancies between the orien- HAT6 has the schematic molecular structure depicted in
tational statistics in nematics and the predictions of themig. 1 and the samplE9] displayed two phase transitions in
mean-field Maier-Saupe theof§]. Experiments of this sort the temperature range of our experiments, to (ijta solid
exploit the fact that specific modes, like the=® stretch  (K) to columnar nematicly,) transition atT¢~52°C and
vibration in cyano-biphenyls, have anisotropic Raman ten<ii) a Dy, to isotropic(l) transition atT2~95°C. The critical
sors [R) which can be probed by an appropriate choice of thedemperatures are a few degrees lower with respect to purified
incident (éL) and scattered é('s) polarizations. Large fre- sampleq 10] due to the presence of a small fraction of im-

quency changes are not normally seen in Raman activaurities (<0.5%) from the fabrication process, which also
produced a broad luminescence background in the visible

range. Thus, Raman spectra were obtained with the
*Present address: The Blackett Laboratory, Imperial College 0?32'8_nm line of a He-Ne lasél5 mW), to partly suppress

Science, Technology and Medicine, Prince Consort Road, Lonﬂle Iljminescence, in both depolarizes ( es) and polarized
don SW7 2BZ, UK. (e.|les) backscattering configurations. The data were taken
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FIG. 1. Schematic molecular structure of hexékis ' a
hexyloxy)triphenylene(HAT6) and its columnar mesophasBy). I
1380 :
with 2-cm ! resolution by a T64000 triple subtractive Jobin- , , , , ,
Yvon spectrometer coupled to a charge-coupled device 20 40 60 80 100 120
(CCD) detector. The sample was placed inside a quartz tube Temperature [°C]

in a hot stage and the temperat(if¢ was monitored by a Pt

resistor. No preferential direction exists in our cells for the  FIG. 3. Frequencies of thE,,I'?, and ' modes vsT. The

columnar ordering and, therefore, thg, andK phases are |~D, (T2) and D,—K(T%) phase transitions are clearly indi-

multidomain. cated. Note thaf', softens aff2 while I'2 andI'? harden afT .
Figure 2 shows the depolarized Raman spectra of HAT@&oughly speakingl’, is insensitive to théD,— K phase transition

centered at~1400 cm ! in the region around thé—D,  while the opposite holds faFé andT? at TZ.

phase transition. Three Raman active modes are present in

- - b
this spectral range, which we label B§,I';, andI',, for  mains unaltered for lower temperatures even through the

reasons that will be clear later. We concentrate on thethHK phase transition. The opposite seems to holdr
peaks because they display the most interesting changes AS4dT° . which display little or no variation at the— D;,

function of T. The Raman spectrum of HAT6 comprises, e )
: . 1 phase transition, but a measurable hardeningzat As we
besides, another active mode at720cm - and a . . )
. TN shall show later, thisensitivityof the modes to the different

H-stretching band around 2900 carising from the GH, 3 o L Lo

. . ) > hase transitions is directly related to their intrinsic symme-
sidebranches, which show little or no change as a function L . o

try. Further insight can be obtained from depolarization mea-

2—; 13‘?& 1)moc('::u'?3' fofthglatmoa:je g?:?;ii;ﬂ% sohf:fsr;ng surements in thé phase as shown in Fig. 4. To this end, the
2 hP depolarization ratiog=1, /1)) is obtained from the depolar-

transition. Moreover, th&', mode reduces its relative inten- SR . I . v
ized |, (e_Leg) and polarized (e |es) scattering efficien-

sity with respect to botf'$ andl"{ acrossT%. This relative - : ; b
intensity reduction is, on the contrary, not observed’é\t cies, respectively. Figure 4 shows tHet” display a larger

The frequencies of the peaks can be continuously followed

through both thd —Dy, and Dy—K phase transitions, and ISOTROPIC PHASE
this is shown in Fig. 3 for the full temperature range of our
experiments. Note that thE, mode softens al2 and re- - polarized
— scattering
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FIG. 2. Raman spectra centered~at400 cm ! taken with the

632.8-nm line of a He-Ne laser in the depolarized backscattering FIG. 4. Polarized and depolarized Raman backscattering spectra
configuration as a function 6. The temperature range is around of the I',,I'?, and ' modes in thel phaseI'®" show a larger

the | -~ Dy, phase transition temperaturé’é), which is ~95°C. depolarization ratio thah',, helping with the symmetry assignment
Note the softening of th€, mode through the transition as well as of the modes in terms of the irreducible representatior3gf. See

its reduction in intensity. the text for further details.
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percentage change froipto |, than does thé¢', mode. This  ventional nematics. Broadly speaking, the phase transition
change is better appreciated 6§ than forI'®, simply be-  here is accompanied by a considerable electronic change in
cause the latter is of smaller intensity and partly superimthe individual molecules, and this is unlike conventional
posed on the tail of th&, mode. nematics where the independence of the molecules is pre-
Summarizing, the basic experimental observations(iare served to a great degree in both the isotropic and nematic
the softening(hardening of the I', (rg"b) mode at the phases. Moreover, it is reasonable to assume within this
| ~Dp(DpK) phase transitior(Fig. 3); (ii) the intensity framework thatz-polarized vibrations will be more directly
decrease of , atTé relative to thel“ﬁ"b modes(Fig. 2, and linked to thel — D}, phase transition, owing to the fact that
(iii ) the differentp’s of the modegFig. 4) revealing distinct they directly modulate the intermolecular coupling. In addi-
intrinsic symmetries. Note that is measured in the phase  tion, this interaction can lead to the formation of weakly
where the intermolecular interactions are smaller and, aceoupled vibrations arising frorﬁz-polarized modes. This
cordingly, it is supposed to be intrinsic to the molecules. Weshould introduce both a weak dispersion and the presence of

shall dwell in what follows on the interpretation of theseaquasimomentur(ﬁ) for these modes. This might explain
experimental facts. the intensity decrease of thE, mode across thé« Dy,

Preliminary calculations of the vibrational modes of phase transition, whereas only collective modes vﬁithﬁ

HAT6 with the Austin Model 1(AM1) Hamiltonian[11] . o ; .
show that vibrations in the energy range between 1100 an(d:ontnbute. This is exactly what would happen in a scattering
process within a solid where quasimomentum conservation

1600 cm * can be essentially attributed to the trlphenylenemust be fulfilled. The formation of a quasi-1D structure in

core of the molecul¢Fig. 1). However, an exact classifica- the D}, phase could strongly affect the scattering efficienc
tion is not possible at this stage, for vibrational frequencies h P gy g y

obtained by semiempirical methods are typically within 20%Of collective modes YVh'Ch Yvere d'lspe.rS|o'nIess initpdase.
of the experimental ones and, moreover, some modes mdy" the other h_and, zpolarized vibration is not exp_ected to
appear inverted. ThegBl; sidebranches of HAT6 are some- be very sensitive to th@h<—>|.< phase transition, since the
what flexible but, inasmuch as the vibrations are confinedolumns are already formed in tii, phase and the impor-
within the inner core of the molecule, a classification int@nt interaction in this case is among them. The assumption
terms of the point group of the central triphenylene coreof az-polarized mode fof",, in this manner, can explaifn)
(Dgp) is possible and useful in this case. Figure 4 shows thathe sensitivity of the mode frequency to the- Dy, transition,
the "% modes display a depolarization ratio much less tharfii) the relative intensity reduction acrod$ through the
3/4, which automatically classifies them as totally symmetrigoresence of a weak dispersidiii,) the depolarization ratio in
vibrations [12]. We believe these peaks to be breathingFig. 4 (expected for thd’, representation and, finally,(iv)
modes of the central triphenylene core polarized in tke ( the insensitivity of the mode to thB,—K transition. An
_9) plane containing ther, mirror of D, In contrast, the important question remains, of course, as to whetheoft

I', peak displays @ of ~0.7, which is close to the theoret- €ningof az-polarized mode can be expected as coming from
ical p=3/4 for vibrations of lower symmetry thafi,. We  the incipient interaction among the molecules. AM1 calcula-
assign this mode to %fpolarized mode belonging to tH, tions on simpler derivatives of benzene with nonsaturated

. . electrons, like benzoquinoline, show that it is possible to
representation oD 5;,. There are several reasons for this as- q P

sgnment wich are based upon a physial picure of GO, TTAMOleEUar mades by e pieracton w2
molecular interactions at the—D,, phase transition. The 9 ' ’ 9

overwhelming experimental evidence from photoconductiv-Small size, do not show a liquid crystalline phase by them-

) i . : ; selves, but can be forced to interact on a computer. The
ity [3] and semiempirical electronic calculatiofi3] shows L : e X .

. . . redistribution of electronic charge arising from the direct in-
that interactions among the electrons of the central triph-

enylene core are a key feature of B phase. In the parent teraction of electrons results in the softening of intramo-
compound hex@exylthigtriphenylene (HHTT) [3], in lecular vibrations by creating a collective mode between the

which the oxygens of the sidebranches are replaced b suﬁ\-NO molecules. This is, however, a demonstration of possi-
Y9 . X P y bility rather than a proof, and a normal mode calculation
fur, an order of magnitude change in the mobility of photo-

generated carriers is seen acrossltheD, phase transition. with several stacked HAT6 moleculéahich is outside our

: . . resen m ional ilit [ n ry t
The same mechanism produces a further increase of mtracE—ese t computational capabiliies/ould be iﬁjessay °

lumnar mobilities[3] when an additional degree of order ully clarify this point. F'."Ta”y' the t_)reathanFl modes_
appears in the helical columnar phas#){ a phase which is shoulq not be very sensitive to the mtermolgcular coupling
not present in HAT6 but is also a consequence of the condlongz. In fact, the molecules can rotate alongn the Dy,
siderabler-orbit overlap along the columns. Likewise, dop- Phase with relative ease. One would expect, in general, that
ing with Lewis acidg10] transforms HAT6 and parent com- Vibrations with eigenvectors that are essentially polarized in

pounds in quasi-one-dimensiondD) semiconductors with the o mirror plane would have less influence on the inter-

bandlike conductivity along. The D, phase can be seen, [nolecular coupling which is dominated by orbitals along

within this picture, as formed by individual molecules that Z- These vibrations should be sensitive, nevertheless, to the
weakly interact(allowing for bandlike conductivityand can  Dn«<K phase transition in which the intercolumnar interac-
freely rotate in the plane perpendicular to the colurfum-  tion leads to a frozen solid phase beld. In this manner,
tributing to the main source of disorder affecting thethe hardening of $° atT%, their insensitivity to the « Dy,
quasi-1D transport We observe that a LC phase transition phase transition, and the intringidn the| phase(Fig. 4) can

of this sort is somewhat different from what is found in con- be naturally explained.
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In conclusion, we have shown that HAT6 diplays impor- change which, in turn, implies a strong frequency shift of the
tant changes in some of its Raman active modes at both theodes. This situation is very different from the one observed
| —D}, and D,«~K phase transitions. Nonresonant Ramanin nematics and smectics, as mentioned previously, where
scattering can be used in this case as an additional technigggall changes in frequency are seen, at best. This fact is
to monitor the phase transitions and could, eventuallycertainly in agreement with the considerable electronic
complement and expand the data obtained by more conveghanges seen in photoconductiv§] and, in a sense, im-
tional methods like NMR spectroscopy4]. To the very best  Plies that thel —Dy, phase transition is of a somewhat dif-
of our knowledge, this is the first LC where ample changederent nature from a typical LC phase transition. The overlap
in the vibrational Raman spectrum have been monitored Af the electronic wave functions is ”eg"Q'b'e in both the
the different phase transitions, for conventional nematicdSOtroPic and nematic phases in typical LC's, while in HAT6
show changes mainly in the depolarization ratipssf of ~ 2nd its parent compounds the hybridization oforbitals
specific modes. Moreover, the study of the symmetry of th with considerable electronic and vibrational changes seems

Raman active modes can shed some liaht onto the oriain g(f be the hallmark of the transition. Our results show that this
o ; gf ong verlap can be indirectly studied through the interaction with
the molecular electronic interactions, which are, ultimately,

; o . specific vibrational modes according to their different sym-
responsible for the liquid crystalline phases themselves. Wgyatries. In that sense, Raman scattering provides direct in-

hope that our data stimulate the search for similar or relateg, ation on the molecular interaction that produces the dif-
phenomena in the Raman spectra of other discotics. Finallfgrant |Lc phases in discotics.

it is worth noting that the large frequency change
(~15 cm'l) observed in this particular discotic at the We are indebted to A. Fainstein for stimulating discus-
— Dy, phase transition implies a considerable electronicsions.
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