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1. Introduction
Small-angle X-ray scattering (SAXS) is
a very useful technique for characteris-
ing inhomogeneous materials includ-
ing polymers and nanocomposites on
a nanometer scale.

Today, polypropylenes have become
essential materials in fibre production
for textiles and technical uses. How-
ever, both extremely high strength pa-
rameters and excellent dimensional
stability are required for those fields
of applications. In order to improve
polymer properties, they are reinforced
with glass fibres or with very high-
strength and high-modulus liquid
crystalline polymers. Liquid crystalline
polymers are very stiff, which caused
the enthalpy of mixing a rigid-rod
polymer with a flexible chain to be
mostly positive [1,2]. This generally
leads to phase-separated systems. Re-
cently, considerable efforts have been
made by many researchers to obtain a
new category of high-performance
polymeric materials called molecular
composites. Molecular composites
consist of two polymeric components
with dissimilar characteristics: a stiff
and strong rigid-rod polymer dis-
persed at the molecular scale in a matrix
of flexible polymer. During the last de-
cade, liquid crystalline polymers (LCP)
were presented as new compounds
with superior properties, as compared
to conventional polymers. The search
for melt-processable liquid crystalline
polymers which are miscible with con-
ventional polymers is still a great chal-
lenge in polymer science [3]. Blending
thermotropic LCP with semi-crystalline
thermoplastic polymers to form insitu
polymer composites is very attractive
because of the advantages in lowering
the viscosity during processing and in
reinforcing the final mechanical prop-
erties [4]. However, the melting tem-
perature of liquid crystalline polymers
is usually too high for processing semi-
crystalline thermoplastic polymers. In
order to reduce the melting and transi-
tion temperature, new LCPs with flex-
ible units in the main chain were
synthesised, resulting in a decrease in
melting temperature.
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The aim of this paper is to present the
results of the nanostructure investiga-
tions of molecular composites in non-
isothermal conditions. The main inter-
est is focused on the formation and
changes of the supermolecular struc-
ture during the dynamic melting and
crystallisation processes.

2. Experimental

2.1. Materials
Liquid crystalline compounds with
three rings rod–like mesogen and ali-
phatic end groups were synthesised.
The aromatic rings in the mesogen
were bounded with ester groups, while
the aliphatic end–groups consisting of
eleven carbon atoms were connected
with aromatic ring by ester bounds.
The macromolecule chain of oligoester
is presented in Figure 1.

The molecular composites were pre-
pared from iPP and liquid crystalline
oligoester (LCO) by mixing at the
weight ratio of 80/20. The isotactic
polypropylene used for investigations
was commercial grade i-PP
Chemopetrol (Czech Republic) with
the density  of 905 kg/m3, melting
temperature of 164°C and a melt flow
index of MFI=2.5 g/min. The essential
stages of molecular composites prepa-
ration were as follows: blending, ex-
trusion and annealing at a constant
temperature above the Tm of LCO and
below the Tm of iPP.

2.2. Methods
The SAXS and WAXD investigations
were carried out by means of a syn-
chrotron beamline on the X33 double
focusing camera of the EMBL in
Hasylab, on the DORIS III storage ring
of the DESY in Hamburg at a wave-
length of 0.15 nm. The SAXS pinhole
patterns of the LCO were recorded
with a sample detector distance of 2.8
m to cover the range of modulus of the
scattering vector of 0.012≤ s ≤0.894 nm-

1, with s the modulus of the scattering
vector (s = 2sinθ/λ, where 2θ is the
scattering angle and λ is the wave-
length). During the real-time measure-
ments, the SAXS and WAXD patterns
were simultaneously recorded every
6 seconds, corresponding to a resolu-
tion of one pattern per 1°C, using a stan-
dard acquisition system with two de-
lay line detectors connected in series
[5,6]. The range of scattering vectors
was calibrated using the first nine or-
ders of dry collagen with a spacing of
64 nm. The WAXD data was collected
over the angular range of 11.7 ≤ 2θ ≤
46° calibrated with a silicon standard.
The SAXS and WAXD intensities were
normalised to the intensity of the pri-
mary beam and corrected for the detec-
tor response. Finally, an averaged melt
pattern was subtracted from each curve
to eliminate background scattering.

Differential scanning calorimetry mea-
surements were carried out on a Perkin
Elmer–Pyris unit, calibrated with the
melting point of indium (156.6°C) and

Figure 1. The macromolecular chain of liquid crystalline oligoester.
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benzophenone (48°C) for the tempera-
ture, and with indium for the enthalpy
(28.45 Jg-1). The contribution of the
empty pan was subtracted from each

measurement. The block surrounding
the measuring units was thermostatted
at -10°C with liquid nitrogen, and the
units was flushed with nitrogen. The
heating and cooling rate of samples
was 10°C/min.

3. Results and discussion
Information concerning the thermal
behaviour of the liquid crystal
oligoester was obtained by differential
scanning calorimetry. DSC heating and
cooling curves of oligoester at the rate
of 10°C/min are shown in Fig. 2. The
heating curves consist of three endot-
herm peaks. The first peak is connected
with the glass transition temperature,
which was evaluated as 40°C. The main

endotherm peak indicates the melting
temperature (118.7°C), and the third,
the isotropisation temperature
(156.6°C). When a cooling run is per-
formed after initial heating, three exo-
thermal peaks are observed.

The transition temperature and corre-
sponding enthalpy during heating and
cooling are presented in Table 1.

In order to determine the nanostructure
of the oligoester, the WAXS and SAXS
real-time synchrotron experiments
were performed during heating and
cooling at the rate of 10°C/min.
The SAXS/WAXS patterns of liquid
crystalline oligoester as a function of
temperature during heating are pre-
sented in Fig. 3.

Based on a qualitative analysis, one can
say that strong crystalline peaks on the
WAXS curves observed from 25 to
123°C as well as the very low amor-
phous halo indicate a well-ordered
structure. The crystalline peak disap-
pears at 123°C, and the scattering curve
at higher temperature indicates the liq-
uid crystalline state. More structural
parameters can be obtained from the
SAXS investigations. The SAXS curves
exhibit two distinct diffraction
maxima, corresponding to a solid and
liquid crystalline state respectively.
The angular position of the peaks is
connected with the supermolecular
structure with different electron den-
sities of phases, which are separated by
a repeated distance. The values of the
repeated distance (d-space) were
evaluated using Bragg’s law and are
presented in Fig. 4. The values of the
d-space calculated based on the angu-
lar position of the first SAXS peak are
constant, and equal 4.33 nm (curve a
in Fig. 4); they are characteristic for the
solid state. Based on computer model-
ling, the length of the macromolecular
chain was estimated as 4.2 nm, which
is in good agreement with the result
derived from the SAXS measurements.
During the melting process, the macro-
molecular chains become more flexible

Figure 4. d�spacing for LCO.
Figure 2. DSC heating and cooling curves for
LCO, Tg, Tm, Tc, Ti are glass transition, melting,
crystallisation and isotropisation temperature,
respectively.

Figure 5. Small-angle diffraction patterns after background subtraction for LCO-iPP during heating
at 10°C/min.

Figure 3. SAXS/WAXS patterns of LCO as a function of temperature during heating.
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Table 1. Transition temperature and anthalpy during heating and cooling.

where:
Tg, Tm, Tc, Ti are glass transition, melting, crystallisation and isotropisation temperatures
respectively,
∆Hm, ∆Hc, ∆Hi are the enthalpies of melting, crystallisation and isotropisation respectively,

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.30.20.1

T

200
o

25
o
C

In
t.

[a
rb

.u
.]

s [nm ]
-1

C

40 60 80 100 120 140 160 180 200

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

T
cc

T
g T

i

T
m

E
n
d
o

H
e
a
t
F
lo

w
[W

/g
]

Temperature [ C]
o 20 40 60 80 100 120 140 160 180

3.0

3.2

3.4

3.6

3.8

4.0

4.2

4.4

4.6

4.8

5.0

b

a

d
-s

p
a
ce

[n
m

]

Temperature [0C]

0.000

0.005

0.010

0.015

0.020

5.0 6.04.00.400.20

160
o
C

150
o
C

145
o
C

140
o
C

123
o
C

120
o
C

110
o
C

75
o
C

25
o
C

In
te

n
s
it
y

[a
.u

.]

s [nm
-1
]



FIBRES & TEXTILES in Eastern Europe    January/December 2003, Vo.11. No. 5 (44) 103

and the values of the d-space steadily
decrease, as is shown in figure 4b. The
equilibrium state appears at 123°C as
the d-space is constant and equal to
3.57nm. The structure of the LCO ex-
amined under a polarising optical mi-
croscope (not reported in this paper)
was identified as a smectic phase [7,8].
The two very sharp peaks on the SAXS
curves and the corresponding changes
of d-space are characteristic for the
smectic liquid crystal structure, and
confirm the result obtained from opti-
cal microscope observations.

To reveal the nanostructure of LCO-iPP
molecular composite, time- and tem-
perature dependent SAXS experiments
were carried out. Small-angle scattering
patterns of LCO-iPP after background
subtraction during heating at 10°C/min
are shown in Fig.5. One can see that the
SAXS curves exhibit distinct diffraction
maxima both from iPP lamellar structure
and from LCO. The first peak at the ini-
tial temperature is located at s=0.07 nm-1,
corresponding to the long period of iPP.
The second and third peaks occur at dif-
ferent temperature ranges, and corre-
spond to the solid crystalline phase and
liquid crystalline phase of the LCO re-
spectively. During heating, the peak of
iPP shifts to lower s-values, correspond-
ing to larger values of the long period.
At the same time, the intensities of the
scattering maximum increases and the
ratio of maximum intensity at 155°C to
the intensity at 25°C are 12.5.

To monitor the evolution of the lamellar
nanostructure of iPP during heating in
the presence of LCO, the correlation
functions [9,10] were calculated from
real-time SAXS scattering curves. Based
on the correlation functions, the values
of long periods and crystalline lamellae
thickness were determined. Changes in
the long period during heating and cor-
responding changes of the thickness of
crystalline lamellae are shown in Fig.s
6a and 6b respectively. It is seen that the
values of the long period remain almost

constant at about 13-14 nm below 100°C.
A significant increase in long period
value occurs above 100°C up to 30 nm
at 160°C. It should be noted that the
thickness of crystalline lamellae does
not change considerably within the tem-
perature range from 25 to 120°C; it re-
mains almost constant at the level of 5.4
nm, then increases rapidly, reaching 9.5
nm at 160°C. One can suppose that such
significant changes are caused by the
influence of LCO on the recrystallisation
process of iPP during isothermal an-
nealing. The increase of the long period
during heating can be explained by the
fact that the thinner lamellae are melted
first at lower temperature. The long
period continues to increase drastically
with temperature, until the thickest
lamellae are melted. It was shown that
changes in long periods during heating
describe the exponential function, and
the plot ln(Lp-Lpo) versus temperature
gives the linear function (Fig.7) where
Lpo and Lp denote the value of the long
period at the initial and given tempera-
tures respectively. The slope of this
function is connected with the kinetic
of the melting process of the lamellar
structure. The slope for pure iPP is
higher than for LCO-iPP, which indi-
cates that the LCO prevents the iPP
lamellae from melting. As a conse-
quence, the thickest lamellae are melted
at the temperature range 120-160°C in
the presence of the liquid crystalline
phase of LCO.

4. Conclusions
In summary, this study indicates that
synthesised oligoester exhibits the abil-
ity of thermotropic mesophase forma-
tion. The solid crystalline state of LCO
is observed in the temperature range
of 25 to 123°C, and the liquid crystal-
line state in the temperature range
118-156°C. Real-time synchrotron
SAXS and WAXD measurements al-
lowed the phase transition of LCO to
be determined, and indicated the smec-
tic type of mesophase. Due to low melt-

ing temperature and the wide tempera-
ture range of mesophase, oligoester
can be used as a proper compound for
processing with iPP. Changes in the
nanostructure parameters of iPP dur-
ing heating and cooling give evidence
that the nanostructure is influenced by
the presence of LCO. The stiff and
strong rigid rod-like macromolecules
of LCO are dispersed at the molecular
scale in the iPP matrix and act as rein-
forcing fibres [11].

Based on the results obtained, we can
assume that liquid crystalline
oligoester is dispersed homogenously
in the iPP matrix giving the molecular
composites. The results suggest that
the proposed approach may be practi-
cable in preparing a melt-processable
molecular composite.

q
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Figure 6. The supermolecular structure parameters determined from correlation functions for iPP
during heating of LCO-iPP: a) long period Lp, b) thickness of crystalline lamellae Lc

Figure 7. The plot of ln(Lp-Lpo) versus temperature.

q Received 14.01.2003, Revieved 05.05.2003

20 40 60 80 100 120 140 160 180

12

14

16

18

20

22

24

26

28

30

32

a)

L
p
[n

m
]

Temperature [
0
C]

20 40 60 80 100 120 140 160 180
0

2

4

6

8

10

12

14
b)

L
c
[n

m
]

Temperature [
0
C]

20 40 60 80 100 120 140 160 180
0

1

2

3

4

5

6

7

8

iPP-LCO

iPP

ln
(L

p-
L po

)

Temperature [
0
C ]




