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Th e nanostr ucture and ther ma l behav iour of li quid cr ystalli ne oligoester

w ere examined by combination of real -time synchrotron small- angl e and
w ide- angle X -ray scattering metho ds w ith di˜erential scanning calorimetry .
T he synthesi zed oligo ester exhibits ability to form a thermotro pic mesophase.
I t was show n that solid crystalli ne state is observed in the temp erature range

25 to 1 23
£ C and liquid crystalli ne state betw een 118À 15 6

£ C . T he transitio n
temp erature determined from dynamic small- angle and w ide-angle X -ray
scattering experiments agrees very w ell w ith the results obtained from dif -

ferential scannin g calorimetry .

PAC S numb ers: 87.64.Bx , 81.07.N b, 82.35.Lr

1. I n t rod uct io n

D uri ng the last decade, l iqui d crysta l l ine polym ers (LCP) have been pre-
sented as new com pounds wi th superior pro perti es as com pared to conventi onal
polym ers. The search for mel t- pro cessable l iqui d crysta l l ine polym ers, whi ch are
m iscible or parti al ly m iscible wi th conventi onal polym ers, is sti l l a great chal lenge
in polym er science [1, 2]. Therm otro pi c LCP usual ly conta in ri gid- rod chemical
structure and theref ore possessuni que pro perti es such as low m elt vi scosity and
hi gh m odul us in the sol id form , whi ch is di recti on dependent. Bl ending of ther-
m otro pic LCP wi th semicrysta l l ine therm oplasti c polym ers to form in sit u polym er
composites is very attra cti ve because of the advanta ges in lowering the vi scosity
duri ng processing and in reinf orci ng the Ùnal m echanical pro perti es [3{ 5]. How-
ever, the m elti ng tem perature of l iquid crysta l l ine polym ers is usual ly above 200£ C,
whi ch is to o high for pro cessing semicrysta l l ine therm oplasti c polym ers. In order
to reduce the m elti ng and tra nsiti on tem perature new LCP , wi th Ûexi bl e uni ts in
the main chain were synthesi zed, resul ti ng in a lower m elti ng tem perature [6{ 8].
In thi s search for new com posite materi als, less attenti on is paid to the pro per
characteri zati on of the structure of therm otro pic l iquid crysta l l ine polym ers. It is
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shown tha t an unambig uous characteri zati on is only possible by a com bina ti on of
di ˜erent techni ques such as smal l- and wi de-angleX- ray scatteri ng (SAXS, W AXS)
wi th di ˜erenti al scanni ng calori metry (D SC).

2. E x per i m en t a l

2.1. Mat er ials

Li qui d crysta l l ine com pounds havi ng three ri ngs ro d-l ike m esogen and al i -
phati c end groups are synthesi zed. The aromati c ri ngs in the mesogen are bonded
to ester groups whi le the al ipha ti c end groups, consisti ng of eleven carbon ato ms
are connected wi th the arom atic ri ng by ester bonds. The m acrom olecul e chain of
ol igoester is presented in Fi g. 1.

Fig. 1. The macromolecula r chain of liqui d crystalli ne oligo ester.

2.2. Met hods

The SAXS and WAXS inv estigati ons were carri ed out using synchro tro n
beam l ine on the X33 doubl e focusing cam era of the EMBL in Hasylab, on the
storage ri ng D ORIS I I I of the D ESY in Ha m burg at a wavelength of 0.15 nm .
The SAXS pi nhole patterns of l iquid crysta l ol igoester (LCO) were recorded using
sam ple{ detecto r distance of 2.8 m to cover the range of magni tude of the scatter-
ing vecto r 0 : 0 1 2 ç s ç 0 : 8 9 4 nm À 1 (s = 2 sin ˚ =Ñ , where 2 ˚ is the scatteri ng angle
and Ñ i s the wa vel ength). Duri ng the real -ti me measurements, SAXS and WAXS
patterns were sim ulta neously recorded every 6 seconds givi ng a temperature reso-
luti on of 1 £ C per one pattern, using a standard acqui siti on system wi th two delay
l ine detecto rs connected in series [9, 10]. The range of scatteri ng vecto rs was cal-
ibra ted usi ng the Ùrst ni ne interf erence orders of dry col lagen wi th a spacing of
64 nm . The WAXS data were col lected over the angular range 1 1 : 7 ç 2 ˚ ç 4 6 £

cal ibra ted wi th a silicon standard. The SAXS and W AXS intensi ti es were norm al -
ized to the intensi ty of the pri m ary beam and correcte d for the detecto r response.
Fi nal ly, an averaged m elt pattern wa s subtra cted from each curve to elim inate
background scatteri ng.

The di ˜erenti al scanni ng calorim etry m easurements were carri ed out on a
Perki n Elm er{ Pyri s instrum ent. The tem perature was cal ibrated wi th the m elt-
ing points of indi um (1 5 6 :6 £ C) and benzophenone (4 8 £ C) and the entha lpy was
cal ibra ted wi th indi um (28.45 J gÀ 1 ). The contri buti on of an empty pan wa s sub-
tra cted from each measurement. The bl ock surro undi ng the m easurement uni ts was
therm ostated at À 1 0 £ C wi th liqui d ni tro gen and the m easuri ng cell wa s Ûushed
wi th ni tro gen gas. The heati ng and cool ing rate of sam ples was 1 0 £ C / min.
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3. R esul t s an d d iscu ssio n

Inf orm ati on concerni ng the therm al behavi our of l iquid crysta l l ine ol igoester
wa s obta ined by di ˜erenti al scanni ng calori metry . D SC heati ng and cool ing curves
of ol igoester col lected at the rate 1 0 £ C/ m in are shown in Fi g. 2. The heati ng
curves exhi bi t three endotherm ic peaks. The Ùrst wi de peak is connected wi th the
glass tra nsiti on tem perature whi ch was evaluated as 5 6 £ C, and so-cal led cold crys-
ta l l izati on whi ch is observed duri ng heati ng above the glass tra nsiti on [11]. The
m ain endotherm ic peak indi cates the melti ng tem perature (1 1 8 : 7 £ C) and the thi rd
one the isotro pizati on temperature (1 5 6 : 6 £ C). W hen a cool ing run is perform ed
after ini ti al heati ng, three exotherm ic peaks are observed. The tra nsiti on tem per-
atures and the corresp onding entha lpies duri ng heati ng and cool ing are presented
in T able.

Fig. 2. DSC heating and cooling curves for LC O; T g , T m , T c , T i are glass transition,

melting, crystalliza tion , and isotropizati on temp erature, respectively .

TABLE

Enthalpies and temp eratures of face transitio ns.

H eating C ooling

C ] [ C ] [J /g] [ C] [J /g] [ C] [J /g] [ C ] [J /g]

56 118.7 17.5 156. 6 2.3 114. 8 {11. 0 155 {2. 6

, , , are glass transitio n, melting, crystallizati on
and isotropizati on temp erature, respectively , , ,
are enthalpy of melting, crystalli zati on, and isotropi zatio n,

respectively .

T ransiti on tem peratures of ol igoester, determ ined f rom DSC duri ng heati ng,
are schemati cal ly shown below:

sol id crysta l line state liqui d crysta l l ine state isotro pic m elt :
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Based on D SC results i t seems to be clear tha t the synthesi zed ol igoester
exhi bi ts the abi l i ty to form the therm otro pi c m esophase in the tem perature range
118À 1 5 6 £ C. The l iqui d crysta l l ine state is deta ched both duri ng heati ng and cool-
ing, whi ch is typi cal of an enanti otro pic l iqui d crysta l compound.

Fig. 3. WA X S patterns of LC O as a function of temp erature during heating.

Fig. 4. SA X S curves after background subtraction for LC O as a function of temp erature

during heating.

In order to determ ine the nanostructure of ol igoester, the WAXS and SAXS
real- ti m e synchro tro n experim ents were perform ed duri ng heati ng and cool ing at
the rate of 1 0 £ C/ min. The WAXS patterns of l iqui d crysta l line oligoester as a
functi on of tem perature duri ng heati ng are presented in Fi g. 3. Based on a qual -
i ta ti ve analysis one can say tha t strong crysta l line peaks on the WAXS curves
observed from 25 to 1 2 3 £ C and very low am orpho us halo indi cate the well -ordered
structure. Crysta l l ine peaks disappear at 1 2 3 £ C and the scatteri ng curve at higher
tem perature indi cates the l iquid crysta l l ine state. Mo re structura l param eters can
be obta ined from the SAXS investigatio ns. SAXS curves f or ol igoester duri ng heat-
ing are shown in Fi g. 4. The SAXS curves exhi bi t two di stinct di ˜ra cti on m axi ma,
correspondi ng to sol id crysta l l ine state and l iqui d crysta l l ine state, respectively.
The angul ar positi on of the peaks is connected wi th the superm olecular structure
wi th di ˜erent electron densiti es of phases, whi ch are separated by a repeated di s-
ta nce. The values of the repeated distance (d -space) were evaluated using Bra gg' s
law and are presented in Fi g. 5. The values of the d -space calculated based on
the angular positi on of the Ùrst SAXS peak are constant and equal to 4.33 nm
and they are characteri sti c of the sol id state. Based on com puter m odel ling, the
length of m acrom olecular chain was estimated as 4.2 nm , whi ch is in good agree-
m ent wi th the result deri ved from the SAXS m easurem ents. D uri ng the m elti ng
pro cess, m acromolecular chains become m ore Ûexible and values of the d -space
steadi ly decrease, whi ch is shown in Fi g. 5b. The equi l ibri um state appears at
1 2 3 £ C since the d -space is constant and equal to 3.57 nm . The structure of LCO
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exam ined under polari zing opti cal m icroscope (not reported in thi s paper) was
identi Ùed as a smectic pha se. Two very sharp peaks on the SAXS curves and
correspondi ng changes of d -space are characteri sti c of the smectic l iqui d crysta l
structure and conÙrm the result obta ined f rom opti cal microscope observati ons.

Fig. 5. The d -spacing values for LC O: a | solid crystallin e phase, b | liquid crystallin e

phase.

Fig. 6. T he inv ariants of LC O: a | solid crystalli ne phase, b | liquid crystalli ne phase.

An im porta nt param eter tha t can be obta ined from SAXS is invari ant. The
inv ariant Q ( T ) i s the to ta l scatteri ng power of the system , whi ch is indep endent
of the size and the shape of the scatteri ng enti ti es and is a functi on of the mean
square of electron density di ˜erences of phases. The invariant can be calcul ated
by integrati on of the scatteri ng intensi ty . The values of calcul ated inv ariants for
ol igoester (Fi g. 6) as a functi on of tem perature indicate two states existi ng in di f-
ferent tem perature ranges. Starti ng f rom room tem perature the sol id crysta l l ine
phase is described by the curve a in Fi g. 6. The second part of invari ant functi on
corresponds to the l iqui d crysta ll ine state. In Fi g. 7 the SAXS and WAXS curves
are presented to gether for better vi sual izati on of the phase tra nsiti on duri ng heat-
ing. The tra nsi ti on tem peratures, determ ined from SAXS and W AXS experim ents,
agree very wel l wi th obta ined by D SC and supp ort previ ous concl usions.

Fig. 7. The SA X S/W A X S patterns of LC O during heating.

Based on the results obta ined, the fol lowing conclusions can be dra wn:
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| The synthesi zed ol igoester exhi bi ts abi l i ty to form therm otro pi c mesophase.

| Sol id crysta l l ine state is observed in the tem perature range from 25 to 1 2 3 £ C.

| Li qui d crysta l l ine state is observed in the tem perature range 118À 1 5 6 £ C.

| The real - ti m e synchro tro n SAXS and WAXS m easurem ents al lowed to ob-
serve the pha se tra nsiti on and to study the nanostructure of l iqui d crysta l
polym ers.

| The smecti c typ e of m esophase is observed for the ol igoester investi gated.

| Li qui d crysta l l ine ol igoester can be used as a pro per compound for pro cessing
wi th semicrysta l l ine therm oplasti c polym ers due to low mel ti ng tem perature
and wi de tem perature range of m esophase.
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