Thermochlmtca Acta 51 (1981) 141151 o . ' 141
.Elsevxer Sexentxfic Pubhshing Company, Amsterdam Prmted in The Netherlands

DSC §TUDY OF PHASE TRANSITIONS IN .
' p-n-O("‘TYLOXYBENZYLIDENE-p AMINOBENZOIC ACID

K. USHA DENIZ E B. MIRZA, U.R. K. RAO P.S. PARVATHANATHAN, A.S.
PARANJPE and K V. PATANKAR -

Bhabhe: Atomxc Research Centre, Trombay, Bombay-400 085 (India)
(Received 7 May 1981)

ABSTE.ACT

The compound -p-n-octyloxyhbenzylidene-p-aminobenzoic acid (8BABA) is known to
exhibit smectic C (S;) and nematic (N) liquid crystalline phases at hlgh temperatures A
study of the phase transitions in SBABA in the temperature range —100°C < T < 270°C,
using z differential scanning calorimeter, is described in this paper. Some interesting

features observed in this study are (a) the extreme shazyness (limited only by the instru-
mental resolution of ~0.05°C) of the transition at 152°C, obtained while cooling the S.
phase, {b) the gradual transformation of one phase into another even on first heating, and
(c) the complexity of transitions for T < 100°C, involving mixed phases. The heats of
transformation (AH) have been determined for transitions obtained on first heating. The
transition entropy, ASn1 (=AHN1/TNp), for the nematic—isotropic (NI) transition is 1.68
Ry, where R, is the gas constant. This value is large compared to the value 0.42 R, for
ASyj, predicted by Maxer-Saupe theory. The reason for this discrepancy is thought to be
due to the breakdown of the S- type short-range order in addition to the orientational
long-range order at T'Ny. :

1. INTRODUCTION N '

Structural phase transitions exhibited by morgamc compounds occur
reversibly, but with a temperature hysteresis. Very infrequently does one
encounter  the phenomenon of frozen (supercooled) phases. On the other
hand, in organic systems (especially those consisting of molecules with long
chams) exhibiting polymorphism, the path traversed while heating could be
totally different from that traversed while cooling. This is partly due to the
metastable nature of the intermediates. Further, often two polymorphs dif-
fer very little structurally, for example, slight variation in conformation of
the chain or in the possession of a degree of freedom such as free rotation of
a group of atoms. If such minor variations occur sequentlally within a short
temperature interval, conventional techniques such as X-ray dlf.fractmn can-
not resolve the ‘individual steps. However, differential scanning calonmetry
- (DSC) by virtue of its good temperature resolution (of about 0.05° C), sharper
transition peaks (compared to other techniques) due to small sample size and
much higher sensﬂ;xvrty, is ideally suited in such’ mstances. Further, fast ther-
ma.l cyclmg is posslble in DSC. A case in pomt is. HxBPA wherem usmg DSC
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a new polymorph was observed [1] while cooling. In 14BABA in a selected
temperature range, the polymorph obtained during a heating cycle is differ-
ent from that obtained during a cooling cycle, as seen from our DSC [2] and
X-ray studies [3]. Similar behaviour has also been found in the case of 8BA-
BA reported here in detail.

8BABA (p-n-octyloxybenzylidene-p-aminobenzoic acid), has the chemlcal
formula

Cn Hane: 0—@-(»-;:4 @—@H

where n = 8.

It is known [4.,5] to exhibit smectic C(S.) and nematic (N) liquid crystal-
line phases in the temperature range 150°C < T' < 220°C. Using the DSC
technique we have carried out a detailed study of various transitions occur-
ring in this compound, for —100°C < T < 270°C, under repeated thermal
cycling. Based on our work, a series of schemes of transition is given. The
heats of transformation, AH, are reported for the transitions obtained on
first heating. The notable features concerning the phases and phase transi-
tions observed in this study are discussed in detail.

2. EXPERIMENTAL DETAILS

The sample of 3BABA was prepared as follows. Equimolar quantities of p-
n-octyloxybenzaldehyde and p-aminobenzoic acid were refluxed on a water
bath, using ethyl alcohol as solventi. The product was cooled and recrystal-
lized several times from alcohol until no further increase in the transition
temperature was observed. The product was found to be crystalline under a
polarizing microscope and this was confirmed by X-ray diffraction.

A Perkin-Elmer DSC-1B was used in these experiments. Sample weights
used in these experiments varied between 3 and 6 mg. Most of the thermal
cyclings were confined to the temperature interval 0°C < T < 170°C since it
was found that cycling to temperatures below 0°C did not provide additional
information on the transition scheme. The scanning rates, 8, generally used
were 16, 8 and 4°C min™!, and the reported transition temperatures were ob-
tained by extrapolating to zero scanning rates. For transitions, whose tem-
perature widths were small, lower scanning rates were used for determining
these widths.

3. RESULTS AND DISCUSSION

3.1 Transition schemes

The results of the DSC scans corresponding to different thermal cycles are
given below. The nomenclature for the phases is as follows: C = crystalline;
S. =smectic C; N =nematic, and I =isotropic liqguid phases. All phases
named P are those whose nature has so far not been estabhshed
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'8.1(i). First cycle

3.1(i)a. A sample heated directly from —100°C up to the nematic phase
and cooled back to —100°C showed the following transitions (Fig. 1)

92" 57 5"
c9fc, o 87, _wesc, |, "
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ag’'c s _ s8¢ 1m2'c 219.5°C
Re—= pe—"1Pr < S N | first cooling

The first cycle was done by heating S8BABA only up to the nematic phase
because heating it above the N — I transition resulted in a slight decomposi-
tion which leads to a small shift of the transition temperatures in the cooling
cycle. However, the sequence of transitions shown above remained unchanged
even when 8BABA was cooled from the isotropic phase (see Fig. 1). The
transition S, - P; is very sharp, with the full width at half height being
<0.05°C. The 48°C (P; - P:) peak is sharper than the 58°C (P; —+ P,) peak.
These two transitions are strongly affected by the thermal history of the
sample while the boxed-in portion of the above scheme is not. The value of
f seems to considerably affect the shape of 48°C and 58°C peaks. At § =
16°C min~* both are very well defined but when f is reduced, their defini-
tion is not so good. For example, at 8 = 8 or 4°C min™!, the 48°C peak splits
into two at times, or at 8 = 4°C min™!, the 58°C peak is sometimes so broad
that one might not be able to distinguish it from the background. The results
of subsequent heating and cooling will be dealt with in detail later.
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Fig. 1. DSC scans of 8BABA obtained on first heating and first cooling.
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3.1(i)b. During the first heating, if one stops at 110°C (sample in the P,
phase) and cools back, one finds a broad hump (Fig. 2) easily discernible
only at =16 or 8°C min™!. At § =4°C min™!, this peak is too broad to be
distinguished from the background. At 8 =8°C min™!, this peak occurs at
38°C. No other transitions are observed even when the sample is cooled to
—100°C.

3.1(i)c. If the first heating is terminated at 150°C and the sample cooled
back, one finds well-resolved peaks at 59°C and 48°C (Fig. 2). Surprisingly,
in AFH ratio and temperature, these peaks resemble those obtained while
cooling the P; phase [see Sect. 3.1(i)a]. It may be noted here that the transi-
tions P; > Pg'and Py~ P; (see the scheme given below) are also affected by 8
in the same way as are the transitions P; - P; and P; > P, as was mentioned
above in Sect. 3.1(i)a. It therefore seems that when the P; phase is heated, it
gradusglly transforms to the P, phase. The amount of P; phase formed
increases with increasing temperature above 110°C, without there being a
formal transition peak at any temperature. The combined transition scheme

for 3.1(i)b and 3.1(i)c is given as

g2°C (110°C) (150°C)

> P
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Later, it will be clear that P, and P. are equivalent to P; and P; phases,
respectively, as would be expected from the arguments given above.
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Fig. 2. Details of DSC scans (f = 16°C min~1) obtained by heating SBABA up to the P,
phase and cooling.



. 8.1(ii) 'Subseqﬁent cycles

8.1(ii)a. Cooling from the S, phase, one arrives at the P, phase through a
very sharp transition (Sect 3.1(i)a). If P, is reheated, the S, phase is again
obtained.

P, i’_"_c.s

is2°C

The temperature, AH and shape ‘associated with the P, - S, peak are very
similar to those obtamed for the P; » S, transition mentioned in Sect. 3.1(i)-
a. Further, :

AHsc—>p3 ~ AHPg"Se =~ AHPl_’Sc -

These observations lend further support to our contention that P, gradually
transforms to P; without a formal peak.

3.1(ii)b. All the three phases, P; [Sect 3.1(@)al, P and P’ [Sect. 3.1(i)b]
individually, when heated from 0°C or room temperature (RT), go through
the same path (Fig. 3), i.e.

56°C 90°C
> Py —— P}

(Ps, Ps', P5”')

Hence, irrespective of whether the sample is cooled from the Sc phase or
from the P; phase at 110°C or 150°C, one obtains the same phase at 0°C. It
is thus concluded that

P; =Py =Py =P;
and hence

56°C 90°C
Ps— P, —

— P,

The transition P -~ Py’ is fairly sharp while the Py’ - P, transition might
consist of two or more peaksat =16 and 8°C min -1, , whileat $ =4°C min™,
it is a single peak, well defined but broad. The areas of the transition peaks
depend very strongly on the thermal history of the sample. For instance, the
relative intensity of the Py’ - P, peak with respect to the Ps > P4’ increases
if (1) the sample is left at RT or at 0”C for a certain time interval At (larger
the At, larger the relative mtenmty), and (2) the thermal cycling is done at
B = 4°C min™!. Therefore, it is clear that the 90°C (P;’' - P,) peak grows at
the cost of the 56°C (Ps —» P}’) peak. If there had been only one phase at
0°C, both the 56°C and 90°C peaks would have grown in the same way.
Since this is not the case, it is concluded that the Ps; phase is not a single
component phase, but has another phase (d&ngnated) Ps, in addition. On
heating this mixture,- Ps changes to P, at 56°C (as will be shown below),
while P¢ remains unchanged at this transition. However, ‘it transforms to P,
at 90°C. Thus P"' isalsoa mlxture of the two phases, P, and Ps Thus :

. 36°C 80°C
Ps(Ps)_“’ Pz(Ps)——’ P,

P4.
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Fig. 3. Details of DSC scans (8 = 16°C min~!) obtained by heating SBABA up to the P,
phase and cooling.

3.1(ii)e. If the sample in the P.’ phase is cooled, it transforms to the mixed

phase Ps(P¢) at 48°C. This mixed phase is identified by the transitions ob-
tained while heating it. Thus

Ps(Ps) = P,

The temperature, width at haif height and shape of the P}’ - P;(P,) transi-
tion peak, resemble to a large extent the peaks obtained while cooling the
P; and Pj phases. In addition, on heating the P; or P phases from about
50°C only a transition at 90°C is obtained, as is the case while heating the

res

P, phase. These points indicate that
Pl = PH - P;" = Pz(PG)

It is pertinent to report here another observatlon of interest.. Thermal
cyclings around the Ps == P, transitions resulted in the decrease in mtensxty
of both the heating and cooling peaks. The Ps— P, peak obtained after
several such thermal cyclings increased considerably in mtensmy This md1-
cates that during successive cyclings around the Ps = P, trans1t10ns, the rela-
tive proportion of the P4 phase increases. :
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3 1(u)d When the Pz phase is cooled from 110°C, we obtam transmons at
56°C and 48°C (Fig. 3). Both the peaks are sharp and the latter resembles
the P, -+ P; transition pea.k From the heating part of the scheme of transi-
tlon glven below

?' Ly 48°Cp 86°Cp. (110°C)

S b 225 b,
it is clear that the unknown phase obtained on cooling to 0°C (or RT) is
nothing but the Ps(P¢) phase. It has also been observed that if the P; phase is
heated from 50°C, only a transition at 90°C is obtained as occurs while heat-
ing the P4 or P; phase [Sect. 3.1(ii)c]. In view of these observations, it is
inferred that _

Ps = Py(Ps)

3.1(ii)e. The transitions at 59°C and 48°C obtained while cooling the P,
phase from 150°C (Fig. 3) resemble those observed while cooling the P;
phase. When the P, phase is heated, the S, phase is obtained at 157°C. The
temperature, AH and shape associated with this peak are very similar to
those obtained for the P; -+ S, transition. Considering these facts, it may be
concluded that as in the case of the P, phase, the P, phase also gradually
transforms to phase P; on heating, without a formal transition peak The
results described in Sects. 3.1(ii)d and 3. l(u)e can be summarized in the
transition scheme

56°C . N N
< (110°C) (150 C)
P5 (Pe) W Pz (PG) 20 P2
A 56 C ‘
. ss'c

3.1¢ii)f. In Sect. 3.1(ii)b it was assumed that the P; phase transforms, on
heating to the P, phase at 56°C. This assumption can be justified as follows,
in the light of our results discussed in Sects. 3.1(ii)b and 8.1(ii)c. If on heat-
-ing phase Ps, a phase other than P, results, it would be expected that another
transition from this phase to P,, or vice versa, should manifest itself during a
thermal cycling. This tra.ns1t10n should follow in intensity, the mtens1ty of
the Ps(Ps) = P, transition at 56°C. However, no such transition has been ob-
served even when the mtens1ty of the Ps(Ps) = P, transition is large. So it can
be safely concluded that at 56°C, Ps transforms to the P, phase

3. 1 (u)g From the above thermal cyclmg observatlons, an integrated form of
the scheme of trans1tlons is glven m F1g 4 '

3 2 Informatton from texture studzes

A texture study of 8BABA camed out usmg a. polanzmg m1croscope has
conﬁrmed the presence of phase tran51t10ns descnbed in. Sect 3.1. One _
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Fig. 4. Intemted scheme of transitions for 8BABA. The temperatures are in units of °C.
T> 110°C, P, sxgmfies that the phase (P; or P.) being heated changes gradually to P;
phase for T > 110°C. The temperature for the P1 to P5(Pg) transition is star: ed because it
is the transition temperature obtained for § = 8°C min~! and is not an extrapolated value.

should specially note the following features:

(a) all the transitions occurring below 100°C, e.g. Ps(Ps) = P,(Ps), are
marked only by changes in interference colours in some parts of the sample;

(b) the mixed phases Ps;(P¢) and P,(Ps) could not be distinguished by dif-
ferences in texture, possibly because both are crystalline;

(c) in the textures of P, and P, phases certain areas start showing extinc-
tion for T'> 120°C (Fig. 5) and such areas increase in size as T increases up
to 140°C. This is a strong support to our earlier conclusion in Sect. 3.1, that
P, and P, phases gradually transform to P; phase, on heating.

3.3. Heats of transformation
Heats of transformation, AH, of various peaks observed during the first

heating, and the corresponding transition entropies, AS (=AH/T) are given in
Table 1.

Fig. 5. Texture of 8BABA in the P, phase at (a) 108 C, and (b) 145°C. An:ows mdxeate
the part of the texture that becomes extinct at 148°C.



149

TABLE 1
AH of peaks observed during the first heating and the corresponding AS values
Transitions Temp. AH ASIRg ¢
°C) (kcal mole™)
c->P, 92 2.47 3.41
P, > S, 157 3.32 © 3.89
S.—>N 220 0.57 0.58
N->I 251 1.65 1.58

% Ry = Gas constant = 1.986 cal mole™ K1,

Since the entropies for the C -+ P, and P, > S, transitions are relatively
large and comparable to each other, there should be a major structural
change taking place even at the C— P; transformation. This leads us to
believe that the P, phase is a disordered solid phase. The value of AS for the
S. = N transition is rather large compared to those encountered in the lower
members, 6BABA (0.28 R,) and 7TBABA (0.35 R,) of the homologous series
of compounds. This shows that in 8 BABA this transition is more strongly
first ordered than in 6BABA and 7BABA. The value of ASy; (=1.58 R,) is of
interest since it is much larger than the value of 0.42 R, predicted by Maier
and Saupe [4] (MS), usinga Mean Field Approximation (MFA). This is rather
surprising because the MS theory, being an MFA, predicts values of ASy;
larger than the generaily observed ones, as the theory does not take into
account fluctuations in the orientational order parameter. Even the improved
Marcelja’s theory [5] based on MFA predicts a value of ASy; which is less
than that observed in 8BABA. This shows that consideration of just the long-
range orientational order is not sufficient to predict correctly the value of
ASy; in S8BABA. X-Ray diffraction work [6] on the nematic phase of 8BA-
BA has shown that this phase is characterized by not only a long-range orien-
tational order but also by an S -type short-range order (SRO) typical of a
skewed cybotactic nematic phase. This SRO seems to persist right up to the
N — I transition. So, any theory that describes the N — I transition in 8BA-
BA would have to consider both the long-range orientational order and
short-range S.-type order.

3.4. Special features of the transitions

(a) As was mentioned in Sect. 3.1, the S, - P; transition is an extremely
sharp one. Hence, it cannot be initiated by a nucleation process. It is akin in
its sharpness to a martensitic transition encountered in metallic systems.
Such sharp transitions are observed while cooling an S, or N phase in many
members of the homologous series, nBABA, whenever the lower temperature
phase is not a liquid crystalline phase [7]. The related p-n-alkoxybenzoic
acids also show such behaviour. Carr [8] has conjectured that when the
nematic phase of nonyloxybenzoic acid (NOBA) is cooled, the closed dimer
arrangement at the higher temperature might be changing rather quickly to
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Fig. 6. Closed to ‘open’ dimer transformation. ‘A’ represents the part of the molecule
withoat the carboxylie group.

an open dimer-type arrangement involving several molecules (see Fig. 6). We
feel that this mechanism might be responsible for the very sharp cooling
tr msition observed in 8 BABA, since this change seems to be a cooperatlve
phenomenon brought about suddenly.

(b) Both P, and P, phases, when heated, gradually change to a more stable
phase P;, without a formal transition. We hypothesize that the free energy
minima for molecular conformation in P, and P, phases are shallow as com-
pared to that in the P, phase, although energetically similar for 7'~ 110°C.
As the temperature is raised, the shallower minima progressively shl.ft towards
the P; minimum and finally merge with it at 7> 150°C.

(c) The phase P,, when cooled, transforms only partially to phase Pg,
while the rest of the sample remains in the P, phase. A possible explanation
for this is the following. The S8BABA molecules in the P, phase might have
several conformations which are energetically equivalent. Only a few of these
are favourably disposed to transform into the P4 phase, and the rest super-
cool. Further, in the case of mixtures P;(P¢) and Ps(Ps), it was found that
both P, and P; phases transform after a sufficient length of time to the P,
phase. This shows that the Ps phase is more stable than the P, or P; phases
for T < 56°C. Hence, the molecular conformation in the P4 phase must cor-
respond to a somewhat lower free energy than the conformations in the P,
and P phases.

4. CONCLUSIONS _
The complexity of the scheme of transitions of 8BABA for T'< 100°C is

due to its long hydrocarbon chains which can have various possible confor-
mations. These conformatlons are associated with. free energy mmlma
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whlch are only shghtly dxfferent from each other.

" The extremely sharp 'S, - P; transition is not initiated by nucleatlon One
possible mechanism for. this transition could be a cooperative one involving
a change from a closed dimer to an open-d1mer -type structure involving
many molecules. '

- The very large value of the transition entropy, ASy;, is due to the presence
"of strong S.-type short-range order in the nematic phase.
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