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CHAPTER 5

PAR~INFRARED ABSORPTION IN THE HIGHLY ORDERED SMECTIC
PHASES OF TBBA

5.1 Introduction

Among the many new smectic phases discovered

recently,1"6

the B and H phases are known to posSSessS a
high degree of local order correlating adjacent nol ecul ar
layers. Both phases are characterised by a two dimensional
hexagonal lattice Within each layer. In the B phase the
director is normal to t he smectic planes, whereas i N the

H phase it istilted, The nature of the intermolecular
forces and the permissible degrees of freedomfor the
molecules | N such mesophases, which exhibit almest quasi-
erystalline long range order, have been the subject of
several experimental and theoretical studies.3»7-9 1,
this regard, terephthal-bis-butylaniline (TBBA) whose
molecular structure iS shown in Figure 5.1, has been
extensively studied using different techniques as it
exhibits the smectic H phase4(previously referred to as
smectic B by some authors) in addition t 0 three other stable
liquid erystalline forms.1° Calorimetric studies hare
shown!? that two new monotropic metastable forms, | abel ed3
V1 and VII, appear when the smectic H phase i s supercooled.

10 1
Optical'™ ana X-ray *3 giudies have already provided



Figure b1 : Mol ecular structure of TBBA4 in the all-trans conformation.



on
interesting informationzﬁhe structural characteristics

of its different mesophases. Imn addition, Raman,12_14

KHR11’15 and gquasielastic neutron acatterins16"18
techniques have also been employed INn studies aimed at,
clarifying t he nature of the molecular ordering in its

smectic H and monotropic phases.

The far-infrared absorption i n such highly ordered
smectic phases has not been studied so Par. |n this chapter
we present the far-infrared absorption spectra of TBBA in
its smectic H, VI and VII phases as Wel| as the erystalline
phase. The spectra of these phases are discussed in the
light of their known structural auld dynamical properties.
The far-infrared spectra show i nteresting differences when
compared t0 the | ow frequency Raman speetra13 and this
leads tOo a further understanding of the nature of the
mesophases. The lineshape of one of the bands is seen to
exhi bit distinct changes dependent upon the phase of the,
sanple. The broadening of this band in the smectic H and
VI phases is attributed to the occurrence oOf intramolecular
reorientati ons of the butyl chains. The corresponding
reorientational correlation times in both phases are

estimated from a study of the half-widths of this band.

5.2 Experimental

TBBA used i N this study was synthesized i n our Chemistry
Laboratory following the procedure described earlier by
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Taylor e% al’g.
teapsrature wae determined to be 3% & 0.2°C uming & hot

the nematic~isotropic transition

stage microsocpe. From published aata,3’1g the temperatare
intervals where the two monotropie phases coour seem to
show a variation. In order to elearly establish these
fntervals foxr the amsterial ueed in this study, calorimetric
measurenents were oarried ocut using a Perkin-ilmer
diffesontial scenning vslorimeter {(Hodel DSC-2). Except
the oryctal-smeotio H translilon which was obgerved during
heating, the other translidon tesmperatures isdicuted below
were determined from the onset ol the exotherms during
gonling eyoles, un thie basis, to within ¢ 0.5°0, the
different transitions relevant to Lthe present worx can he
represented as follows:

(v111) s {¥)
Crystal —2°f.> smectio H

57=69°C T 1] ea.5e0

(Vi) o anp o)
54*9"(}'

Honotreple phages Vi and ViI are metasteble and
thelr formation and mtabillty can depend upon the thermal

history of the a&mpla.‘a

dur DiC measmurementes indieate that
the temperuture at which phase VII s0lidifles can exhibitk
a considerable range s# & own above. The thin saspsle films

used in the infrared studies were seen to orystallize wery
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often at 69°C. It was further noticed that when these
samples ware thermally ecyocled, crystallization could

occur at even higher temperatures, either altogether
bypassing phase VII ox considerably shortening the tempe-
rature interval of its existence. [N order to reliably
obtain phases VI and VII, we therefore Pound it advantageous
to start with a fresh sample i n smectic H phase and slowly
cool it down over A period of several howrs t 0 the required

temperatures, thereby avoiding any thermal cycling.

Par-infrared spectra i N the range 30-650 en™ ! were

obtained using the Polytec FIR-30 Fourier spectrometer.

1

The frequency region 30-250 em ' was studied uwsing a sample

cell fitted with a-quartz windows, whereas diamond windows
were used in the range 100-65C em™'. M1 the spectra

reported here were Obtained using polydomain samples.

FOr lineshape studies i N the range 450-510 em™ '

improved spectrophotometric accuracy was attained with the
use of the Leitz double beam spectrograph i N conjunction
with a KBr prism and KBr sample cell windows. FOr each
spectrum two scans were averaged and the data digitized by
hand. \Wen compared to tha measured linewidths, the spectral
slitwidth of the Leits spectrograph (25 cm™') 48 smaller
by a factor of five or more. Hence the effects of instru-
mental broadening shoul d be negligible in thel present case
and no further corrections were made to t he data to account
for the instrumental wi dth.
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5.% Results and Dissussion

(a) Far-infrared spectra: Figure 5.2 shows the

far-infrared spectra of smectic H, V|, VII and crystalline

phases i n the range 30-220 en”1. The spectra of the first

three phases look remarkably similar. Al3 three of them

exhibit two strong, broad absorption bands centered at

105 and 210 em™!

50 and 70 em~1. The band at 105 cm™

, 1n additiont o weak shoulders at about
1a slightly broader
I N smectic H and VI phases as compared to phase VII. (n
transforming fa the erystalline phase, new modes appear at

161, 193 and 212 cm"'1. The shoulders observed at 98 and

1

138 em ' were also consistently reproducible. The pesition

of the strong central band is shifted wpwards and appears

1

a, ~ 110 em ' in tha erystalline phase.

While the bande occurring in the range 1%0-212 en™

ore likely to arise from GH3 torsional modes, the intense,
broad absorption centred around 105 em™' cl osely resembles
sf milar Par- Infrared bands observed | N other Ligquid

20~24 25,26 | N these cases, t he

eryatals and polar liquids.
broad absorption bands were thoughtt o arise from hindered
rotatory modes of the molecules, reflecting their nearest
neighbour intermclecular coupling. St has also been
suggested®> that these modes may originate Prom the librations

of the °6H4 groups. Further work is needed before the broad
absorption band observed i n the present case can be assigned



FIGURE 5.2

Far-infrared absorption spectra of TBBA
I N smectic H, VI, VII and solid phases
I N the range 30-220 em“1. The temperature

corresponding to each phase is also shown.
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with certainty to either of these two origins.

When compared t 0 the Raman spectra of TBBA inthe
same frequency :t:'anae.“:5 the far-infrared spectra shown
here reveal interesting departures. Firstly, the Raman
spectra Of VII and crystalline phases were found to be
completely identical. However, when one considers their
far-infrared spectra, the spectrum oOf phase VII closely
resembles that of smectic H rather than the crystal,
Secondly, except for one mode at 1S cm'"1, the remaining
Raman lines were found to persist in all four phases, but
they disappeared in the smectic C phase. In contrast, we
found that the far-Infrared absorption i n smectie C phase
was also very similar to that in smectic H except for slight
additional broadening. This indicates that different
molecular interactions are observed | N the Raman and far-
infrared spectra of these mesophases. The X-ray results3
of Doucet et al. show thaf in smectic H as also VI and VII
phases, a local three-dimensional ordering of molecules
prevails with a correlation length of five or nOre molecules
across the layers. |n contrast, the smectic C phase does
not possess any positional order correlating molecules within
a layer or in adjacent layera. Hence the disappearance Of
the low-frequency Raman linee in the smectic C phase, but
not in the lower lLemperature phases, implies that these are
intermolecuiar modes which are sensitive to longer-range

order extending to several molecular lengths. By the same
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reasoning , from the similarity of the far-infrared

spectra i N all Sf these mesophases, inciuding smectic C,

it can be argued that these spectra arise primarily from
short-range and intramolecular effects within a given

layer as opposed to the relatively longer-range order
manifested i N the Raman spectra. This picture is al so

| N accord with the conclusion that emerges when ONe compares

420,21,24 27-29

the Low-frequency infrare and Raman spectra

of other liguid crystals as well.

Bzsed ON the Raman Spectra, 13

a question arose as to
whether phase VII should be considered a mesophase or a
different modification of the crystalline form. The present
results show that the spectrum of phase VII is much closer
to smectic H and VI phases than the orystal. Infrared
spectra at frequencies above 200 em™!, discussed below,

alsc reflect the sane situation. Hence phase VII can be
taken to represent a distinet liquid erystalline farm.

The microscopic texture observations of Flick et 3119 are

also in support of this idea.

Figure 5.3 shows the spectra of smectic H and
crystalline phases i n the range 150-650 en”’. Again,
spectra Of smectic VI and VII phases were found to be
almoet identical to that of smectie H phase and hence they
are not shown here. In this spectral region, one expeets

to see Largely modes characteristic of the skeletal
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deformations of the butyl chainsg and the phenyl groups
of the TBBA molecule. Compared to the smectic H phase,
the spectrum of the oryestalline phase shows additional

structure in some regions, apart from intensity changes.

(b) Molecular dynamies: It is well known that
vibrational bandshapes can Often yield considerable
information 0on the dynamics of molecular reorienta.tions.30
Assum ng trat the vibrational and reorientational motions
are uncoupled and that the intrinsic spectrum is Lorentgian
I n bofh cases, t he experimentally measured half-width I

(half-width at half maximum) can be expressed as a sum>

I = T;' + I; (1)

where, y and E; are the respective half-widths of the
vibrational and reorientational spectra. The above relation
follows from the fact that the observed lineshape 1s given

by the convolution of the vibraticnal and the reorientational
spectra. If the latter two specira are represented by
Lorentzians, their coavolution yields another Lorentzian
whose half-width zatiafies Eq. {1). This resalt is derived

| N Appendix B.

Phe mean reorientational correlation time sy is then
given by

-1
T o= (2%013;) {2)
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where c is the velocity of light ana'rk is expressed in

units of om~'.

We have used tho above approach in analysing the
observed spectra of TBBA. Some conolusions derived from
earlier studies én the molecular dynamiocs of TBBA which
are relevant to our discussion are summariged in Table 5.1,
together with available estimates of correlation times for

of
each typeéfrearientational motion.

Zable 5.1

Some conclusions derived from earlier studies an the molecular
dynamies of TEBA., Avallable estimates of cormelation times («x)
for each type Sf reorientational motion are also given

P~ . e

,‘Bype‘ of nation

phase DBOJy reorientation Reorientation of Reorientation of
around long axis phenyl groups butyl chain segments
Allowed? +(10~12  Allowed? w(15™'% Allowed? x(1u”?5“
sec) sec) sec)
5,  Yes® 18° Poseibly > 10° Yes? 188
yes®
VI Most Probably ¢  Yesd
- T > 10
prgb-ab 1y mb . 1If Z
no allowed,
d
Vi1 Mos Probably ; ~ € No
probvably neg . If N Z 10
noP allowed,
8Ref. 16
bRref. 15
®Ref. 32

dRcf. 33
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The NMMR results of Deloche et a1.15 are consistent
with the interpretation that Body reorientations of the
molecules areund the long axis are frogen in phase VI.

As the outer two phenyl rings were selectively deuterated
in their experiment, it follows that the phenyl rings are
also probably stationary | n phase VI. Lugomer32 reported
correlation times of ~8 x 10”12 sec. for reorientations

of the phenyl groups in the smectic C phase of diheptyloxy-
agoxybengene. Even assuming that such reorientations are
permitted in both the smectic H and VI phases of TBBA, the
corresponding correl ati on times would be expected to be
larger than the above value because 0f the quasicrystalline
molecular ordering that prevails in both of these phases.
The estimate i N Table 5.1 for the eorrelation times
associated with reorientations of the phenyl groups i S

based On the above considerations.

The correlation time for butyl chain reorientations
INn smectic H and VI phases has not yet been determined.
For the solid phase, Volino et a1.34 deduced the resul t
that the last methylene and the net hyl groups =~ the butyl
chain extremities - rotate with a correlation time Of
~8 x 10712 gec. at 104°C. |t can therefore be expected
that in the mesophases the ¥ values corresponding t 0 chain
reorient ati ons would be e¢onsiderably smaller than this value.

The [, values eatimated in this study are, as will
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1 with an

be reur below, iN the range 3.5-4.6 cm
uncertainty d' +1 ou'1. From Table 5.1 and Eq. (2) it
follows that reorientations of the entire molecule as
also those of the phenyl groups alone are expected to
nave characteristio |. values well within 1 om™ .

Within the above mentioned uncertainty, St is not possible
for us to measure such small changes in the half-widths.
However, if the correlation times for the dbutyl chain
reorientations in t he mesophases are sufficiently small,
the corresponding values of , oan be determined frem
our spectra through the study of a mode which can be

assigned to deformations of the butyl chain.

With this motivation, lineshape studies wae

carried out on the modes observed | N the range 450-510 03”1.
A /¢-C=C bending mode of the butyl chain?® ae well as an
out-of-plane deformation 0f the phenyl groups may contribute
to the absorption i N the vicinity of this region. The
absorbance of the solid phase i N this region is shown I N
Figure 5.4, One observes two distinct peaks centred at

476 and 494 em™', The absorbance in the mesophases i S
shown | N Figure 55 . She asymmetry on the low frequency
side of all three spectra clearly indicates t he presence

of a weaker nnde in additionto the strong peak ecentred

1

at ~ 484 em~'. |t appears that the mode seen in the solid

phase at 494 en™! has undergone a frequency shift end is
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FIGURE 5.4: Absorbance of the solid phase of TBBA
(T = 77°C) in the spectral interval
460-500 cm™ 1.



FIGURE 5.5

Absorbance of smectic H, VI and VII phases Oof TBBA

I n the range 460-500 om~!. The temperature corre-
sponding to each phase is indicated. Dots denote
the absorbance values and the typical uncertainty
asgociated with these data is shown ON the Lop trace.
For each set of data, the broken curves denote the
least squares fitted Liorentzian compenents and the

80lid curve represents the sum Of the intensities

of the twe Lorentzian components.
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seen | N the mesophases at ~ 484 cm—1. The relative

1 shows & dramatic

intensity of the mode af 476 om
increase i N the solid phase when compared to the mesophases.
This behaviour is strikingly similar to what has been
observed in several other cases as a result of conforma-
tional changes | N alkyl chains at solid-fluid phase
transitions.23’36'37 Hence t he mode at 476 en”! 1s
assigned to a dsformatiOn of the butyl chain., The decrease
in the intensify of this mode i N the mesophases further
suggests that, as compared to the solid phase, t he butyl

chains exhibit substantial 'melting' i N the mesophases.

The absorbance values | N the mesophases were calcu~
lated from the transmission spectra after correcting the
apparent baselines for errors arising due Do overlap bet-
ween the wings of adjacent bands. The resultant data,
shown in Fig. 5.5, were fitted on an IBM-360 conputer to
the sum of two Lorentzian components uzing the least squares
method. For both components, our computing procedure treats
the peak height, the half-wldth and the peak position as
adjustable parameters and determines the optimal values Of
these 8ix parametera in relation to all the data points fa
each spectrum. All three specira could be satisfactorily

fitted to a sum of two Lorentzian components, ONe centred

at 476 1+ 2 en™! and the other at 484 + 2 e~ ,

| n order to determine the reoriemtational broadening
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associated With the mode at ~ 476 aa"1, one must

firet estimate the value mflﬂ; in each mesophase.

Usually ]”; is taken to be the half-width I n t he solid
phasey‘ where all reorientational motions are assumed to
be frozen. | N the present case, the vibrational half-
width of the mode in question may be sensitive to conforma-
tional changes in the butyl chain at the solid-mesophase
transition. Any direct comparison between the half-

width in the Solid phase and that in the mesophases can
then lead to substantial errors in the estimates of ka.

As all avallable evidence’’ 233 indicates that body as
well as chain reorientations are frozen in phase VII, we
have taken the computed half-width of the node in phase VII
as the intrinsic wvibrational half-wi dth characteristic of
all three mesophases. Impliclt here are the assumptions
that T—; shows no appreciable change within the short
tenperature interval of interest and that t he statistical
weights of the chain conformations do not change signifi-

cantly between these three phases.

The Thk and , values corresponding to smectic H
R

and VI phases were estimated or this basis by comparing the
half-widths in both of these phases with that in phase VII.
These data are givem in Table 5.2. As discussed earlier,
the present wvalues of Tp refer, NSt probably, tO the mean
correlation time for reoriemtations of the butyl chain
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segments in smectic H end VI phases. The values of TﬁR
are found to be comparable i N both of these phases.

This is in accoxrd with spin-lattice relaxation’ measure-
ments which Show that these reorientations are not yet
quenched | N phase VI, although they freesze Out | N phase
ViI.

Zable 5.2

Half ~widths and mean reoriemtational correlation
times deduced from the sbscrption band centred at
AT6 + 2 en~'. PFor the smectic H and VI phases, T"R
is given by the difference between their respective
values of T' and the corresponding value in phase
VII. % = (2me )"

ctic | - -1 -12
S;gg:g“ T(°Q) Tom L)) TMA(cm ) wplt0 sec)
VII 70 708 - -
VI 82 11.3 3.541.0  1,640.5
H 96 12.4 4.641.0  1.240.3

From Fig. 5.5, the half-width of t he mode centred
at 484 cm™! 1s found to be, within + 1 am'1, unchanged in
all three phases. It i S likely that this mcde orliginates
from a skeletal o ut - o0 fdeformation of the phenyl
groups i n the molecule. |f so, the lack of a measurable
recrientational broadening for thie mode 4a our experiments

is not too suxprising as only the reorientations of the
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entire molecule Or those of the phenyl groupg can
affect the width of this mode. As noted already, both
mechanisms are expected to have typical correlation

times which are too large to bd measured within our

AaccUracy
5.4 (Goneclusions

The present study shows that smectic H, VI and VII
phases all pousseas closely similar infrared spectra which
are yet different from the spectra of the solid phase.

O this basis, phase VII can be considered to represent

a distinet liguid exrystalline £0 m rather than a modifi-
cation of the crystalline phase. The lnfrared absorption
of these mesophases 18 seen to be primarily influenced by
intramolecular and shori~range effects within a given
molecular layer rather than by interactions sensitive to
longer -range correlations within a layer of between adjacent

layers.

From a study of the linewidths of a band at 476 + 2
em™" in smectic H, VI and VII phases, we have estimated the
mean correlation times for intramolecular reorientations in
smectic H and VI phases. These reorientations are most
probably of the butyl chain seguenits in the TBBA molecule.
The values of Tk‘{ are found to be comparable i N both smectic
H and VI phases. This iS | N agreement with spin-lattice
relaxation measurements which show that these reorientations

persist in phase VI, but freeze out i n phase VII.
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