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Abstract

Ordered polybutadiene-diols (LCPBDs) with the comb-like architecture were prepared by radical reaction of a 5-(4-{[4-(octyloxy)phenyl]azo}-
phenoxy)pentane-1-thiol with double bonds of telechelic HO-terminated polybutadiene (PBD); several polymers with various initial molar ratios of
thiol to double bonds of PBD, R0, in the range from 0 to 1 were prepared. DSC, polarizing microscopy, WAXS and dielectric relaxation spectroscopy
(DRS) were employed to investigate their thermal and dielectric behavior in relation to morphology. DRS of the LCPBDs have revealed both
collective and individual dynamic motions of molecules. Secondary b- and segmental a-relaxation were observed in unmodified PBD. In the
LCPBDs, two secondary g- and b- and two high-temperature a- and d-relaxations were observed and assigned to specific molecular motions; all
relaxations were analyzed and discussed in terms of time scale (Arrhenius diagram), magnitude (relaxation strength) and shape of the response.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Introduction of rigid mesogenic groups into a polymer (back-
bone or side chains) usually leads to liquid crystalline polymers
(LCP), which show an intermediate state of aggregation be-
tween the crystalline and the amorphous structures [1,2]. In
liquid crystalline side chain polymers (LCSCPs) the mesogens
are decoupled from the main chain by a spacer, which usually
consists of aliphatic segments [3]. Generally, LC mesophase
(showing a more ordered smectic or less ordered nematic struc-
ture) greatly affects physical properties of LCP. From polymers,
processable films could be developed for photonic, ferroelectric
and antiferroelectric applications and second harmonic genera-
tion in non-linear optics (NLO) [3,4]. Such systems, especially
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with azobenzene moieties in chains, have been extensively stud-
ied in recent years [5e8]. Azopolymers form a class of photo-
chromic materials in which usually birefringence and optical
dichroism, based on cis/trans photoisomerisation of azochro-
mophores, can be initiated by polarized light since the transition
dipole moment of azobenzene groups is oriented along the
molecular axis of elongated trans isomer; dichroism and
birefringence can be erased by subsequent irradiation with non-
polarized light [9e11]. Stability of dichroism and birefringence
depend on molecular motions in polymer. Optical and mechan-
ical investigations were made on ordered polyurethane systems
(LCPUs), based on diethanolamine derivatives with azobenzene
grouping in side chain and diisocyanates of various flexibility
[10e13]; such systems usually exhibit quite high values of the
glass transition temperatures (Tg w 90 �C) and LC and crystal-
line transition temperatures (above 100 �C).

Recently [14] we have synthesized a new biphenyl-type of
LC thiol which was used for preparation of comb-like LC
polybutadiene-diols by radical addition of the thiol onto the
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double bonds of PBD; several LCPBDs with various initial
molar ratios of thiols to double bonds of PBD, R0, were
made. Structural thermal transitions were investigated by
DSC and dynamic mechanical spectroscopy. With increasing
thiol content the glass transition temperature of LCPBDs, Tg,
increases from w�45 �C (neat PBD) to w20 �C (R0¼ 1). LC
transition starts at R0¼ 0.3 (the transition temperature
Tm w 27 �C). With increasing R0 temperature Tm increases
and for R0¼ 1 reaches the value Tm w 74 �C; at the same
time also the change in enthalpy at LC transition increases.
It was found that the shape and position of mechanical func-
tions on frequency (or temperature) scale and free-volume
parameters determined from mechanical behavior strongly de-
pend on degree of modification of PBD chains. This means
that LCPBDs exhibit much lower Tg and Tm temperatures in
comparison with LCPUs based on LC diethanolamine deriva-
tives. In addition structural transitions of LCPBDs can be
regulated by the amount of thiol bound to PBD chain.

Dielectric relaxation spectroscopy in broad frequency and
temperature regions is one of the most effective tools for char-
acterization of molecular motions in polymer systems [15] as
various relaxation mechanisms can be expressed in terms of re-
laxation times and their temperature dependences, magnitude
and shape of dielectric response. Dielectric spectroscopy of liq-
uid crystalline side chain polymers (LCSCP) was pioneered by
Kresse and coworkers. Zentel et al. developed a nomenclature
for dielectric relaxation processes of LCSCP [16,17]. It was
found that the dependences of dielectric functions on frequency
and temperature are sensitive to the ordered state due to more or
less aligned parts of macromolecules. Dielectric behavior in the
LC state reflects a coupled response of ordered mesogenic
groups to the applied electric field. The structure transitions
detected by DSC are also observed by dielectric spectroscopy.

In this paper physical properties of a new comb-like LC
polybutadiene-diols (LCPBDs) with azobenzene moieties in
the side chain mesogens are described; LCPBDs were made
by radical addition of 5-(4-{[4-(octyloxy)phenyl]azo}phen-
oxy)pentane-1-thiol onto the double bonds of PBD with various
initial molar ratios of thiol to double bonds. Thermal structural
transitions in LCPBDs are investigated by DSC, WAXS and
polarizing microscopy; the broad-band dielectric spectroscopy
is used for investigation of molecular dynamics in these
LCPBDs. We believe that these systems, as well as linear
polyurethanes and networks formed from LCPBDs, diisocya-
nates and triols, will find optical applications; in fact one
LCPBD with R0¼ 0.4 was already used in optical investiga-
tions at room temperature and promising results were already
submitted for publication [18].

2. Experimental

2.1. Preparation of LCPBDs

PBD: the telechelic OH-terminated polybutadiene diol e
Krasol LBH 3000 (PBD) (Kau�cuk Kralupy, Mn w 2400,
60 mol.% of 1,2 and 40 mol.% of 1,4 monomer units, number-
average OH functionality fn¼ 2) of the structure:
was purified by addition of silica gel Silpearl (Glass Works
Kavalier). Silica gel was repeatedly washed with deionized
water, then its stirred suspension was boiled in water for
3 min and silica gel was filtered off. It was placed in an oven
and heated to 160e180 �C under nitrogen atmosphere for
24 h. After cooling to ambient temperature the activated silica
gel was used to remove the antioxidant e Irganox 1520 from
PBD; 20 g of PBD was dissolved in 100 ml of benzene (dried
over Na) and 5 g of activated silica gel was added to the solu-
tion. The mixture was stirred under N2 atmosphere for 6 h.
Then SiO2 was filtered off, solvent was removed on a rotavapor
and PBD was dried to constant weight (50 �C/6.7 Pa).

LC thiol: the synthesis of LC thiol e 5(4-{[4-(octyloxy)-
phenyl]azo}phenoxy)pentane-1-thiol (TH1) containing azo-
benzene mesogenic group of the structure:

has proceeded in four steps: initial step was preparation of
4-(octyloxy)aniline by alkylation of 4-acetamidophenol and
KOH mixture with octyl bromide. In the second step
4-hydroxy-40-(octyloxy)azobenzene was synthesized by
azocoupling of 4-(octyloxy)aniline with phenol. In the third
step 4-[(5-bromopentyl)oxy]-40-(octyloxy)azobenzene was pre-
pared by the reaction of 4-hydroxy-40-(octyloxy)azobenzene
with 1,5-dibromopentane in dry acetone in the presence of
K2CO3. Finally, thiuronium salt prepared from 4-[(5-bromo-
pentyl)oxy]-40-(octyloxy)azobenzene and thiourea was alkaline
hydrolyzed yielding TH1. More details about TH1 synthesis
can be found in Ref. [18]. TH1 was used in grafting reaction
of the terminal thiol HS group with double bonds of PBD.

LCPBDs: in radical addition of TH1 onto double bonds of
PBD 2,20-azoisobutyronitrile (AIBN) was used as initiator.
The reaction proceeded in toluene solution (54 g of PBD in 1 l
of toluene) at the initiator-to-thiol ratio 5� 10�2 mol at 60 �C
for 48 h. We have synthesized LCPBDs with various initial
molar ratios of thiols to double bonds of PBD, R0, in the range
from 0 to 1 (Table 1). The structure of LCPBDs is as follows:

Table 1
1H NMR structure analysis of neat and modified LCPBDs

R0 Dm(NMR).100 HPB

(mol.%)

PB

(mol.%)

Pendant vinyl

(mol.%)

Transþ cis

(mol.%)

0 e 5.1 94.9 61.5 33.4

0.2 21.8 24.1 54.1 25.3 28.8

0.4 39.3 23.5 37.2 12.8 24.4

0.6 54.0 17.5 28.5 7.7 20.8

0.8 74.0 4.5 21.5 4.5 17.0

1.0 83.9 0 16.1 1.6 14.5

HO OH
n m

PBD

TH1

N
N

O
OHS



5723A. Jigounov et al. / Polymer 48 (2007) 5721e5733
2.2. Characterization of LCPBDs

The degree of modification, Dm ([bound thiols]/[double
bonds], mol/mol), after the addition and purification, was de-
termined from elemental analysis using the relation:

DmðsÞ ¼ 32�ws=ð54þ 427:6�wsÞ ð1Þ

where ws is the weight fraction of sulfur bonded in LCPBDs
as determined by elemental analysis.

The degrees of modification were determined also by 1H
and 13C NMR spectroscopy (300.1 and 75 MHz, respectively,
60 �C). For Dm(NMR) determination the integrated intensity of
the signal of OCH2 of LC-thiol protons at 4.0 ppm (or the sig-
nal of aromatic protons) was used. In this case the detailed
structure of LCPBDs (amount of 1,2 and 1,4 butadiene units
[19], hydrogenated PBD units and OH end groups [20]) could
be evaluated.

The number- (Mn) and weight-average (Mw) molecular
weights were determined by GPC (modular LC system with
refractive index detection, column 30� 8 SDV 10 000)
calibrated with PS standards. THF was used as solvent and
measurements were carried out at ambient temperature.
From Mn, values the degrees of modification, Dm(GPC) were
determined.

2.3. Dielectric, DSC, WAXS and polarizing microscopy
measurements

Dielectric measurements were carried out with a Schlum-
berger 1260 frequency-response analyzer with a Chelsea
dielectric interface, in combination with the Quatro cryosys-
tem of Novocontrol. The samples were pressed between brass
electrodes 15 mm in diameter with a spacing of 55 mm, main-
tained by silica fibers. The dielectric permittivity 3*( f )¼
30( f )� i300( f ) ( f is frequency, 30 is the real (storage) and 300

is the imaginary (loss) component, i ¼
ffiffiffiffiffiffiffi
�1
p

) was measured
in the frequency range 10�1e106 Hz at temperatures between
�150 and 130 �C upon heating (after cooling the sample to
�150 �C from the isotropic state at 140 �C).

The frequency dependence of the complex dielectric func-
tion 3�( f ) originates from fluctuations of molecular dipoles
and/or dipoles induced by the charge separation at boun-
dary layers inside the material (MaxwelleWagnereSillars

HO OH
n m

AIBN

LC

S

OH
HO

p x

r y

LC

S

+ LC-SH
polarization, MWS) or between the material and the electrodes
(electrode polarization), and from the propagation of mobile
charge carriers [11]. The frequency dependence of the dipole
contribution to the complex dielectric function, 3d*, is usually
described by the non-symmetrical HavriliakeNegami empiri-
cal equation [21]:

3�d ¼ 3NþD3=½1þ iðf =frÞa�b ð2Þ

with five generally temperature-dependent parameters: high-
frequency (unrelaxed) value of the real part of permittivity
3N, the relaxation strength D3 ¼ 30 � 3N (30 being the relaxed
low-frequency value of permittivity), frequency fr corres-
ponding to the most probable relaxation time tr (2pfrtr¼ 1)
and two shape parameters a and b. The parameter fr is related
to the peak frequency fm at which the loss component 300

attains its maximum value accounting to the following
equation:

�
fm

fr

�a

¼
sin
�

ap
2ðbþ1Þ

�

sin
�

abp
2ðbþ1Þ

� ð3Þ

In the case of symmetrical ColeeCole distribution (b¼ 1), the
frequencies fr and fm are identical [16]. A computer program
based on the Marquardt procedure [22] was developed for de-
termination of all parameters from the frequency dependence
of 300 at various temperatures.

The temperature dependence of frequency fm could be
described either by the Arrhenius equation:

fm ¼ fNexpðEa=kTÞ ð4Þ

where Ea is the activation energy and fN is the pre-exponential
frequency factor, or by the VogeleFulchereTammann equa-
tion (VFT) [15,17]:

log fm ¼ log fN�
B

T � T0

ð5Þ

where B is the apparent activation energy, fN the pre-
exponential frequency factor, and T0 the Vogel tempera-
ture (T0 w Tg� 50 �C, where Tg is the glass transition
temperature).

The frequency dependence of the conductivity contribution
to the complex dielectric permittivity, 3c*, can be described by
the following equation [17]:

3�c ¼
�

i
f

f0

�h

ð6Þ

where f0 is an adjustable parameter and the exponent h would
have the value �1 in the ideal case of pure time-independent
dc conductivity.

The frequency dependence of the complex conductivity
s�ðf Þ is given by the equation [17]:

s�ðf Þ ¼ i2pf 3+3�ðf Þ ð7Þ
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and of the complex electric modulus M�ðf Þ by:

M�ðf Þ ¼ 1

3�ðf Þ ð8Þ

which is often used as alternative representation when empha-
sis is put on the charge carriers’ transport.

Thermal properties were measured using a PerkineElmer
differential scanning calorimeter DSC-7e. In order to avoid
any thermal prehistory, samples were first heated to an isotro-
pic melt, and reproducible data were collected on cooling and
subsequent heating at a rate of 10 K/min (Fig. 2).

Wide-angle X-ray diffractograms were taken on a HZG4A
diffractometer (Freiberger Präzisionsmechanik, Germany) us-
ing Ni-filtered Cu Ka radiation. For high-temperature mea-
surements a heating chamber with thermal stability of 0.5 �C
was attached.

The texture of crystalline and LC phases was determined by
a polarizing optical microscope (Nicon Eclipse 80i, crossed
polarizer’s) equipped with a heating stage. The heating/cool-
ing rate was 3 K/min.

3. Results and discussion

3.1. Modification of LCPBDs

Detailed structure of neat PBD and modified LCPBDs
(amount of 1,2 and 1,4 butadiene units, hydrogenated PBD
units and OH end groups) evaluated from 1H NMR spectro-
scopic measurements is shown in Table 1. It can be seen
that with increasing initial molar ratio of thiol to double bonds
of PBD, R0, the fraction of grafted PBD monomer units
increases; in addition, some amount of hydrogenated units
(HPB) in LCPBDs is formed. While for unmodified PBD
(R0¼ 0) fraction of HPB is w0.05, after modification, the
highest obtained value of HPB w0.24 was for R0¼ 0.2; fur-
ther increase in R0 leads to a decrease in HPB and for
R0¼ 1.0 fraction of HPB is 0. It is interesting to note that at
the highest modifications practically all pendant (1,2) double
bonds were consumed while a substantial amount of backbone
(1,4) double bonds remained. This suggests that the SH groups
of thiol preferably reacts with pendant double bonds of PBD.
This finding is in agreement with previous results obtained on
model reaction of thiyl radical which attacks the double bond
of alkene; it was found that the reactivities of thiol with 1- and
2-alkenes differ [23]. 1H and 13C NMR spectroscopies have
also proved that the OH functionality of LCPBDs does not
change with the extent of the addition reaction.

Comparison of various experimental degrees of modifica-
tion, Dm, obtained from GPC, Dm(GPC), (from number-average
molecular weights Mn), sulfur content, Dm(S), and 1H NMR
analysis, Dm(NMR) in dependence on initial ratio R0 is shown
in Fig. 1. As expected, modification degrees Dm, determined
by all three methods, increase with increasing initial ratio
R0. While for the lowest initial thiol ratios R0 (R0� 0.4),
R0 w Dm, for higher R0, Dm< R0 were found. Lower Dm

values suggest that at the higher R0 values steric hindrance
probably prevents the addition reaction and thiol is subse-
quently removed from polymer during purification. We believe
that also dimerization of thiols can take place in the presence
of initiator by recombination of thiol radicals; the lowest
Dm(GPC) values suggest that some of these dimmers remain
in the modified PBD even after purification.

3.2. Thermal behavior of unmodified PBD, thiol and
LCPBDs

An example of measured DSC traces of neat thiol and
LCPBD with R0¼ 1.0 is shown in Fig. 2; the corresponding
transition temperatures (the glass transition e Tg and melting
temperatures e Tmi) determined from DSC thermograms in
cooling (C) and subsequent heating (H) scans are summarized
in Table 2. Wide-angle X-ray diffraction (WAXS) data for
thiol and LCPBD with R0¼ 1.0 are shown in Fig. 3. From
Table 2 it follows that on cooling of the thiol first mesophase
formation takes place at w116 �C (DHm w�4.6 J/g, SmA phase
in which the centers of mass of the rods are in one dimensional
periodic order parallel to long axes of the rods); next transition
is at 100 �C (DHm w�2.6 J/g, SmC phase with tilted mole-
cules to long axes). Two smectic phases have been usually
found in the case where azobenzene grouping is present in or-
ganic LC molecules with flexible spacer [24,25]. WAXS mea-
surements (Fig. 3) showed that at 95 and 77 �C diffractograms
of thiol consist of one strong, narrow reflection the position of
which corresponds to 3.04 nm and a broad amorphous halo.
Theoretical atomistic simulations of thiol using software BIO-
SYM led to the length of w3.2 nm, which agrees well with the
found one. Due to this we assume that a smectic structures ex-
ist in thiol; this periodicity stays in crystalline phase at lower
temperatures. The crystallization of TH1 on cooling takes
place at w60 �C (DHm w�17.7 J/g). From WAXS measure-
ments periodicities of 3.12 and 1.88 nm were determined at
70 �C; the amorphous profile is overlapped by several narrow
reflections, which indicate a lateral order of thiol chains
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Fig. 1. Determined degrees of modification Dm (from S content e Dm(S), from

GPC e Dm(GPC) and from 1H NMR e Dm(NMR)) in dependence on initial ratio

of thiol/double bonds e R0.
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(especially of the mesogenic groups). As follows from Fig. 2 two
transitions associated with reorganization of crystal phase have
appeared at w45 and 32 �C (sum of both DHm w�18.3 J/g and
denoted as Tm1 in Table 2); periodicities of 4.9 and 2.52 nm were
found at 60 �C from WAXS (Fig. 3). On subsequent heating,
small recrystallization (Fig. 2) followed by melting of the
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Fig. 2. Example of measured DSC traces for neat thiol and LCPBDs with

R0¼ 1.0. Cooling and heating rate was 10 K/min.
crystalline phase at temperature w81 �C (DHm w 61 J/g) was
observed (Table 2). At temperatures higher than 85 �C, a
SmC structure appears; this structure melts at 101 �C
(DHm w 2.7 J/g) to SmA mesophase which finally melts to an
isotropic state at 117 �C (DHm w 3.2 J/g, Table 2).

From DSC traces of LCPBD with R0¼ 1.0 shown in Fig. 2
it follows that modification leads to simpler thermal behavior
in comparison with neat thiol (see also Figs. 3 and 4). On cool-
ing only one mesophase seems to be formed at w111 �C
(DHm w�8.2 J/g, Table 2); crystallization starts at w75 �C
(DHm w�12.4 J/g) and final structure formation takes place
at w65 �C (DHm w�5.9 J/g, Table 2). On heating crystalline
structure melts at w75 �C (DHm w 3.7 J/g) and w81 �C

0 10 15 20 25 30 35 0 10 15 20 25 30 35

thiol

cap.

25

50

60

70

77

95

113
133

In
te

ns
ity

2θ,° 2θ,°

R0=1.0

150
113

95

85

77

70

60

25

5 5

Fig. 3. X-ray scattering diffractograms for thiol and LCPBD with R0¼ 1.0

obtained on cooling. The numbers at curves denote temperatures in �C.
Table 2

Degree of modifications and DSC transitions of thiol, PBD and LCPBDs

R0 Dm(S) Run Tg (�C) Dcp (J/g K) Tm1 (�C) DHm1 (J/g) Tm2 (�C) DHm2 (J/g) Tm3 (�C) DHm3 (J/g) Tm4 (�C) DHm4 (J/g)

Thiol 0 H 81.4 60.8 100.9 2.7 116.9 3.2

C 32.4 �18.3 59.9 �17.7 100.0 �2.6 115.6 �4.6

PBD 0 H �47.3 0.49

C �44.2 0.42

0.2 0.195 H �15.9 0.15 �8.3 1.3 54.8 5.2 89.5 0.8

C �12.5 0.29 41.2 �3.1 80.2 �0.5

0.4 0.379 H �7.2 1.8 54.6 7.5 84.5 7.0

C �4.7 �4.8 79.3 �3.3

0.6 0.537 H 72.9 5.60 103.1 6.1

C 60.2 �1.32 102.7 �9.7

0.8 0.641 H 73.1 11.8 85.6 3.8 105.1 8.9

C 62.1 �8.7 74.7 �1.7 108.2 �9.5

1.0 0.771 H 74.7 3.7 81.2 11.4 111.3 7.1

C 64.5 �5.9 74.5 �12.4 110.9 �8.2
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(DHm w 11.4 J/g) to smectic mesophase which melts at
w111 �C (DHm w 7 J/g). As expected, lower DHm values
were found for modified LCPBDs in comparison with those
of neat thiol (Table 2). The Tg transition could be observed
on DSC thermograms only for LCPBD with R0¼ 0.2; higher
modifications exhibit only crystal/mesophase/isotropic state
transition (it is in agreement with dielectric results shown in
Fig. 10). As Tg for LCPBD with R0¼ 0.2 has increased for
about 30 �C we believe that for LCPBDs with R0> 0.2 the
values of Tg have increased into temperature region of ordered
phases formation.

From the WAXS patterns of LCPBD with R0¼ 1.0 (Fig. 3),
it can be seen that on cooling the smectic structure in polymer
is formed at 95 �C with the periodicities of w3.39 and 1.7 nm
(the first value agrees well with the length of the thiol mole-
cule). At 85 �C the crystallization starts and the amorphous
profile is overlapped by reflections indicating lateral order of
grafted chains. At 77 �C lamellar periodicities of 4.72, 2.45
and 1.7 nm, which reflect mutual ordering of grafted side
chains, were determined. Below 77 �C the same structure re-
mains. On subsequent heating the diffractograms revealed
a structure change from crystalline to LC smectic texture at
85 �C and at 95 �C; the same periodicities were determined
as in the cooling regime (3.39 and 1.7 nm). Further heating
above 115 �C melts the sample, and the diffractograms corre-
spond to a completely amorphous structure of the polymer.
Comparison of WAXS patterns of the thiol and LCPBD with
R0¼ 1.0 reveals that even though in both samples similar or-
dered structures were formed (Fig. 3), in thiol at the low
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Fig. 4. Temperature dependence of the weight fractions of the ordered phase

determined on cooling (open symbols) and subsequent heating (full symbols)

for thiol and LCPBD with R0¼ 0.6 (BD.6) and R0¼ 1.0 (BD1).
temperatures better organized and more extensive crystalline
structure was developed. This is in agreement with Fig. 4 in
which the temperature dependences of weight fractions of
the ordered phase determined from X-ray diffractograms
(from area below peaks) are shown. While almost all thiol is
involved in the crystalline phase (98e95 wt.%) at the lowest
temperatures, only w33 and w52 wt.% of sample is involved
in the crystalline structure for LCPBDs with R0¼ 0.6 and 1.0,
respectively. These results are also confirmed by polarizing
microscopy measurements shown in Fig. 5; a better developed
ordered smectic and crystalline structure can be seen for thiol
than for sample with R0¼ 1.0.

As expected, simple amorphous behavior with only the
glass transition temperature Tg was found for PBD; the change
in the specific heat DCp w 0.45 J/g K shows a value typical of
amorphous polymers (Table 2) [26]. The same results for un-
modified PBD of similar microstructure were obtained earlier
by Hofmann et al. [27].

3.3. Dielectric behavior of unmodified PBD, thiol and
LCPBDs

It is well known that all glass-forming polymers exhibit pri-
mary relaxation e a; this relaxation is assigned to motion of
polymer main chain segments and is related to the glass tran-
sition (dynamic glass transition). The temperature dependence
of its relaxation time is described by the VogeleFulchere
Tammann (VFT) Eq. (5), which describes the slowing down
of the relaxation approaching to the glass transition tempera-
ture. Besides the a-relaxation, usually additional (secondary)
relaxations (b- or g-relaxations) of faster time scales take
place at lower temperatures. The b- and g-processes generally
occur in the glassy state, and have different molecular nature
compared with the a-relaxation [17]. These secondary relaxa-
tions usually exhibit an Arrhenius temperature dependence of
relaxation times (Eq. (4)), in contrast to the much stronger
VFT temperature dependence found for primary a-relaxation.

The overall dynamics in side chain liquid crystalline poly-
mers is characterized by four dielectric relaxation processes,
g, b, a and d, in the order of increasing temperature or
decreasing frequency. The g process is related to rotational
fluctuations of the terminal groups of the side chain, the b-
relaxation corresponds to liberation fluctuations of mesogens
around the long molecular axis and the a-relaxation is as-
signed to fluctuations of segments of the polymer main chain
as they are observed in glass-forming systems. The d-relaxa-
tion is assigned to liberation fluctuations of mesogens around
the short molecular axis; presumably it is a rather multistep
process with motional averaging rather than a 180 flip-flop
jump of the mesogens [16,17].

3.3.1. Temperature dependences of dielectric behavior
Fig. 6 displays the temperature dependence of the real (a)

and the imaginary (b) part of the complex dielectric permittiv-
ity at a fixed frequency of 500 Hz measured for the unmodified
PBD and all the LCPBDs (isochronal plot). Dielectric data
were measured isothermally, upon heating from the solid state,
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Fig. 5. Optical micrographs of thiol (a, c) and LCPBD with R0¼ 1 (b, d): a e thiol 95 �C, b e LCPBD 95 �C, c e thiol 25 �C, d e LCPBD 25 �C.
3

4

5

(a)

(b)

-150 -100 -50 50 100

10-2

10-1

100
R0=0

0.2
0.4
0.6
0.8
1.0

ε'

f = 500 Hz

ε''

T, °C
0

Fig. 6. Temperature dependence of dielectric storage, 30 (a) and dielectric loss,

300 (b) component measured at 500 Hz for unmodified PBD and LCPBDs.
as a function of frequency and represented as a function of
temperature at a constant frequency; this plot allows to follow
the overall dielectric behavior of the materials under study. In
such representation contribution from each relaxation process
is observed as a stepwise increase with increasing temperature,
in the real part 30 and as a peak in the imaginary part 300. The
change in molecular mobility, when passing from the crystal-
line state (where small-scale motions can take place) to the
intermediate liquid crystalline state (where collective motions
may occur), can be followed as a significant increase in 30

with increasing temperature. Transition from the ordered to
the isotropic liquid state is indicated by a decrease in 30 with
increasing temperature as a result of the thermal motion which
disturbs the orientation of molecular dipoles.

In unmodified PBD two processes are observed as peaks in
300 at w�30 �C and the small one at w�90 �C for the selected
frequency (500 Hz), can be observed (Fig. 6). The relaxations
are assigned to the local motion of pendant vinyl groups (b-
relaxation) and to the segmental motion of the main polymer
chain (a-relaxation), respectively. The decrease in 30 at high
temperatures (>100 �C) is due to the thermal motion, which
does not allow the orientation of the dipoles.

For LCPBDs, higher values of 30 are detected as compared
with that of the unmodified PBD indicating a higher molecular
mobility in the LCPBDs. This is due to incorporation of the
thiol chains with polar groups into the PBD structure. The de-
pendence of 30 on the R0 is not linear, the polymers with high
R0 (0.6 and 1.0) are characterized by higher molecular mobil-
ity compared with those with lower R0 (0.2 and 0.4). However,
the maximum polarization increases nearly linear with the R0
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content (with the exception of the sample with R0 equal to 0.8)
due to an increase in the amount of polar groups with increas-
ing R0.

At low temperatures, in the solid state, two processes take
place in all the LCPBDs, observed as peaks in 300 at w�40 and
w�110 �C. We believe that these relaxations can be attrib-
uted, in the order of increasing temperature, to the local
motion of the octyloxy end groups of the side chain (g-relax-
ation), and to the motion of the azobenzene moiety of the side
chain around its long molecular axis (b-relaxation) without
involving the motion of the side chains as a whole.

A significant change in 30 is observed (for the selected fre-
quency) at temperatures above 0 �C for the LCPBDs with R0

equal to 0.2 and 0.4. For the LCPBDs with R0 equal to 0.6,
0.8 and 1.0, this change is observed at temperatures above
50 �C. This change indicates a significant change in the molec-
ular mobility of the polymers above the temperatures men-
tioned above, which correlates with the melting temperatures
found by DSC measurements (Table 2).

A further increase in the temperature (above 90 �C) results
in a decrease in 30 as a result of molecular thermal motion,
which does not allow the orientation of the dipoles; the finding
indicates the transition of the materials to the isotropic state.
This means that at temperatures higher than the temperature
at which the temperature coefficient of 30 changes from posi-
tive to negative, the materials are in the liquid state. The tem-
perature at which transition to the isotropic state occurs
increases with increasing R0 and is in good agreement with
the clearing temperatures found by polarizing microscopy
and DSC measurements (Table 2). In the liquid crystalline
state, the picture of the relaxation processes is complex, con-
sisting of one or two peaks while in the isotropic state only dc
conductivity maintains (a steep increase in 300 with increasing
temperature).

3.3.2. Frequency dependencies of dielectric behavior
Fig. 7 displays the frequency dependences of the imaginary

part of the dielectric permittivity, 300, for the unmodified PBD
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Fig. 7. Frequency dependence of dielectric loss, 300, for PBD in the region of

the main a-relaxation. The numbers at curves denote temperatures in �C.
in the temperature range between �35 and 5 �C. A well-
resolved peak, which shifts to higher frequencies with increas-
ing temperature, can be observed. This peak corresponds to the
main relaxation (a), which is associated with the cooperative
motion of segments of PBD backbone chains and is related
to its glass transition.

As an example of the measured frequency dependences of
the dielectric losses in the LCPBDs, data for the material with
R0 equal to 0.2 at several temperatures in the crystalline (a)
and liquid crystalline (b) state are presented in Fig. 8. Two di-
electric dispersions are observed in the crystalline state. The
g-relaxation is observed at very low temperatures as a broad
peak which shifts to higher frequencies with increasing
temperature. The g-relaxation peak is followed by a narrower
b-relaxation peak detectable in the frequency window of
dielectric measurements in the temperature range between
�50 and 0 �C. The same relaxations are observed for all the
LCPBDs, a detailed analysis and discussion of them follows.
The assignment of these relaxations to particular molecular
motions has been done in the previous subsection.

At high temperatures two dispersions are also observed
(Fig. 8b). The faster relaxation, observed as a shoulder on 300

vs. f dependences, shifts from 100 Hz at 20 �C to 100 kHz at
60 �C, while the slower relaxation is observed as a change
in the slope of 300 vs. f at low frequencies. The faster relaxation
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(b)) temperatures.
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is attributed to a-relaxation, which is associated in liquid crys-
talline polymers with reorientations of the polymer backbone
and spacer, while the slower relaxation is attributed to the d-
relaxation. The a-relaxation is observed only for the polymer
with R0¼ 0.2, while the d-relaxation is observed as a well-
resolved peak for the materials with R0¼ 0.4, 0.6 and 0.8.
The increase in 300 with decreasing frequency observed at
low frequencies in Fig. 8b originates from the propagation
of mobile charge carriers (conductivity contribution) [17].

In order to extract quantitative information on the time
scale, as well as on the strength and shape of the observed di-
electric relaxations, the decomposition procedure for fitting
the data was used. In principle, the HN function (Eq. (2)) is
used for the description of frequency dependences of an indi-
vidual relaxation process. This method works well when all
processes are reasonably separated, as in the case of the a-
relaxation in the PBD. When they start to overlap (as in the
case of relaxation processes in LCPBDs), the fitting procedure
is getting difficult (e.g., HN parameters, which determine the
high frequency part of the b-relaxation, and those which char-
acterize the low-frequency part of the g-relaxation affect each
other [17]). Because of the problem mentioned above we as-
sumed that all relaxations observed in the LCPBDs are well
described by the simpler ColeeCole distribution function,
which results from the HN function with the b parameter equal
to 1. The fitting procedure was based mainly on the frequency
dependences of the imaginary part of dielectric permittivity 300.

An example of the fitting procedure is presented in Fig. 9 for
the material with R0¼ 0.6 for the g-, b- and d-relaxations in the
order of increasing temperature. The sharp increase in dielectric
losses with decreasing frequency observed at the highest tem-
perature corresponds to the conductivity contribution and was
fitted by adding the term given in Eq. (6) to the ColeeCole
function used for the d-relaxation. Two dielectric dispersion re-
gions (g and b) could be determined from the data measured at
�50 �C, while for the lowest presented temperature (�125 �C)
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Fig. 9. An example of decomposition of 300 vs. f dependences measured at

indicated temperature for LCPBD with R0¼ 0.6.
only a single process (g-relaxation) is observed. In some the
cases’ information was extracted from the temperature depen-
dence of 300 at a fixed frequency (isochronal plot). The results
of the above analysis for each relaxation observed in the PBD
and the LCPBDs, can be summarized as follows.

3.3.2.1. Unmodified PBD
3.3.2.1.1. a-Relaxation. The a-relaxation peak is well de-

scribed by the HN equation with mean values (with respect
to temperature) of the shape parameters a and b equal to 0.7
and 0.4, respectively, indicating a relatively narrow and un-
symmetrical peak with a slope on the low-frequency side
higher than that on the side of high frequencies. The relaxation
strength D3 was found to be nearly temperature-independent,
with a mean value equal to 0.14, which is reasonable because
of the nonpolar character of polybutadiene. The temperature
dependence of the peak frequency fm of the a-relaxation is
well described by the VFT equation with parameters
fN¼ 1011 Hz, B¼ 1409 K and T0¼ 127 K (Fig. 10, full
squares). The glass transition temperature obtained from the
dielectric data as the temperature at which the relaxation
time is equal to 100 s [17], known as Tg,diel which is equal
to �42 �C (obtained by extrapolation of the VFT fitting curve
to low frequencies) correlates well with the glass transition
temperature measured by calorimetric measurements (Table
2). The glass transition temperature is in agreement with that
reported in the literature for polybutadiene with the same frac-
tion of pendant vinyl and linear butadiene units [28].

3.3.2.1.2. b-Relaxation. The b-relaxation can be followed
only in the isochronal plot. The temperature dependence of
the b-relaxation time, shown in Fig. 10 (full squares), follows
the Arrhenius behavior, which is consistent with the origin
of the relaxation. The values of activation energy Ea (0.43 eV)
and pre-exponential frequency factor fN (1015 Hz), calculated
by linear fit to the data of the logarithm of peak frequency vs.
1/T (Eq. (4)), indicates a local process.
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3.3.2.2. LCPBDs
3.3.2.2.1. g-Relaxation. The strength of the g-relaxation

was found to increase slightly with increasing temperature,
with the shape parameter a between 0.17 and 0.20, for all
the materials without any specific dependence on composition.
The relaxation becomes narrower as the temperature increases
as it is expected for local relaxations; this reflects the homo-
genization of the environment of relaxing unit with increasing
temperature. The mean value of the b parameter of the HN
equation varies between 0.25 and 0.30 indicating a very broad
relaxation. In the g-relaxation peak also the b-relaxation of
PBD can contribute due to a similar relaxation time of the
two processes. However, the contribution of the b-relaxation
is expected to be less with increasing R0 value, due to a de-
crease in the vinyl group content (Table 1).

The temperature dependence of the peak frequency fm of
the g-relaxation can be described by the Arrhenius equation
(Fig. 10). The parameters of the Arrhenius equation (activation
energy Ea and pre-exponential factor f0) are listed in Table 3
for all the materials. The values of Ea and fN indicate a locally
activated process. Extraordinary low values for both parame-
ters are calculated for the materials with high contents of
side chains (R0¼ 0.8 and 1.0).

3.3.2.2.2. b-Relaxation. The strength D3 of the b-relaxation
does not depend on temperature while it increases with
increasing R0, with the exception of the polymer with
R0¼ 0.8, which in general is characterized by very low values
of dielectric permittivity indicating a material with suppressed
molecular mobility. The strength of the relaxation D3 ranges
from 0.1, for the material with R0¼ 0.2e0.3 for the sample
with R0¼ 1.0. This result is consistent with the interpretation
given for this relaxation: with increasing R0 the content of po-
lar groups, which contribute to the b-relaxation, increases. The
shape of the relaxation remains unchanged with temperature
and it is almost independent of composition, while the value
of a-parameter of HN was found equal to 0.4 for all samples.
The temperature dependence of the peak frequency is well de-
scribed by the Arrhenius equation (Fig. 10). For both activa-
tion parameters (Ea, fN) extraordinary high values are
obtained (Table 3). Similar high values of Ea and fN have
been reported in the literature for side chain liquid crystalline
polymers with the polar azobenzene moieties in side chains
[29]. It was argued that this relaxation is associated not only
with local motion of the mesogen in the potential formed by
the surrounding molecules. Instead, it was suggested that
neighboring molecules are involved as well in the liberation

Table 3

Parameters of Arrhenius equation for the dielectric relaxations of LCPBDs

[Thiol]/[PBD] g-Relaxation b-Relaxation d-Relaxation

R0 mol/mol fN (Hz) Ea (eV) fN (Hz) Ea (eV) fN (Hz) Ea (eV)

0.2 3� 1014 0.35 2� 1016 0.64 e e

0.4 6� 1013 0.32 5� 1017 0.68 1� 1019 1.1

0.6 3� 1013 0.31 1� 1019 0.74 1� 1025 1.5

0.8 2� 108 0.17 1� 1015 0.57 1� 1022 1.2

1.0 1� 106 0.08 1� 1010 0.35 1� 1025 1.5
dynamics of the b-relaxation. The values of Ea and fN were
found to increase with increasing R0, except for the materials
with R0¼ 0.8 and 1.0.

3.3.2.2.3. a-Relaxation. The a-relaxation was observed
only for the composition with the lowest R0¼ 0.2; this finding
corresponds to DSC data (Table 2). The relaxation is observed
as a peak in isothermal measurements of dielectric losses only
at three temperatures in the frequency window of dielectric
measurements. On the other hand, it can be followed in iso-
chronal plots of dielectric losses as a peak which shifts to
higher temperatures with increasing frequency. Because of
the limited data for this relaxation from the isothermal data
(the fitting was possible only for three temperatures), the in-
formation was extracted from the isochronal plots. The a-
relaxation in the LCPBD with R0¼ 0.2 is observed at higher
temperatures or lower frequencies as compared with that in
unmodified PBD, indicating an increase in the glass transition
temperature in LCPBDs. The maximum of the dielectric losses
increases insignificantly, which is unexpected as in this type of
relaxation, motion of segments with higher dipole moments is
involved. The results can be understood in terms of an increase
in stiffness of the main chain due to the interaction of pendant
vinyl butadiene units with the SC units (strongly interacting),
as was found by 1H NMR measurements, resulting in a reduced
segmental mobility. At high temperatures the relaxation rate
follows the Arrhenius behavior, with extraordinary high values
of activation energy and pre-exponential frequency factor
(2.0 eV and 1038 Hz), which turns to a VTF-like dependence
at a temperature, indicating a change in the molecular dynam-
ics of the system (Fig. 10). Fitting of the data to VTF equation
gives for the parameters of the equation, fN, B and T0, the
values 1011 Hz, 808 and 258 K, respectively.

The temperature at which the change of molecular dynam-
ics occurs agrees with a phase transition temperature of the
system e melting of crystalline phase as detected by DSC
measurements. Finally, the maximum of dielectric losses as re-
corded from the isochronal plots was found to increase with
increasing temperature. It can be assumed that this relaxation
is suppressed in materials with higher R0 as a result of the
higher content of the ordered phase in samples.

3.3.2.2.4. d-Relaxation. Information about the d-relaxation
is limited for some polymers; it can be extracted for few tem-
peratures. The fitting procedure found the d-relaxation only
for the materials with R0¼ 0.4, 0.6 and 0.8. From the limited
data for the shape parameter, a, and the intensity, D3, of the d-
relaxation, it can be concluded that the relaxation is narrow
with an a parameter which ranges from 0.5 for the sample
with R0¼ 0.4e0.7 for that with R0¼ 0.8. The strength of the
relaxation D3 is 0.2 and 0.5 for the materials with R0¼ 0.4
and 0.6, respectively. For the sample with R0¼ 0.8, a lower
value of D3 was found. The maximum of dielectric losses
decreases with increasing temperature in the smectic phase
and levels off in the isotropic state. The limited temperature
data for this relaxation does not allow to conclude on the tem-
perature dependence of its peak frequency fm (Arrhenius or
VFT behavior) (Fig. 10). Assuming the Arrhenius behavior,
extraordinarily high values were calculated for the Ea and fN
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(Table 3), indicating a cooperative process. The cooperative
character of this relaxation has been discussed in the literature
[30]. In the smectic A phase this process is interpreted as being
due to the side group flipping around the polymer backbone as
the mesogen is hopping from one smectic layer to another
[31]. This interpretation agrees well with the fact that in iso-
tropic phase no such relaxation is observed, while the absence
of this process in the material with R0¼ 0.2 may reflect the
lower order within this sample as a result of the low side group
content.

3.3.2.2.5. Conductivity. The information about the conduc-
tivity observed at high temperatures was extracted by analyz-
ing the imaginary part of the complex electric modulus M00 in
dependence on frequency (Eq. (8), Fig. 11). Representation of
the data using the electric modulus formalism allows the ob-
servation of the conductivity as a peak on f, which is more
convenient for analysis. As an example of the dependences
of conductivity s and electric modulus M00 as a function of fre-
quency in a high temperature range related with conductivity
phenomena for the material with R0¼ 0.8 is demonstrated in
Fig. 11. A significant increase in conductivity is observed in
the temperature range 95e105 �C, as compared with the in-
crease in conductivity with temperature at temperatures below
95 �C and above 105 �C, indicating a change of the charge car-
rier mobility. The temperatures are in good agreement with the
transition temperatures obtained by DSC measurements of
these samples (Table 2). In the frequency dependence of the
imaginary part of M00, a peak at 80e90 �C with a double struc-
ture can be observed, which narrows with no indication of
double structure at higher temperatures. The relaxation ob-
served as a shoulder at the high frequency side corresponds
to relaxation of interfacial character of the Maxwelle
WagnereSillars (MWS) type polarization as a result of the
existence of layers with different conductivity within the ma-
terial, while the peak at low frequencies corresponds to the
conductivity relaxation due to the transport of mobile charge
carriers. MWS polarization is observed also in the materials
with R0¼ 0.6 and 0.8, indicating electrically heterogeneous
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axis), for the LCPBD with R0¼ 0.8 at high temperatures, indicated on the plot.
materials due to the formation of the ordered smectic phase.
Fig. 12 displays the frequency dependences of M00 and s for
all the materials at 120 �C (isotropic state). The materials
can be classified into two groups; materials with R0¼ 0.2
and 0.4 and materials with R0¼ 0.6, 0.8 and 1.0, which differ
in conductivity values by an order of magnitude and in peak
frequency by one decade (peak shifts to higher frequencies
with increasing conductivity).

The temperature dependence of the main peak frequency
fmax (determined from the M00 vs. f dependences) can be de-
scribed by the Arrhenius equation (Fig. 13). For the materials
with R0¼ 0.4 and 0.8, significant changes in the relaxation
rate, passing from the smectic to the isotropic state is ob-
served, indicating a change of the mobility of the charge car-
riers in the two phases. For the material with R0¼ 0.4, the
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Arrhenius equation with Ea¼ 1.55 and 0.79 eV and fN¼ 1022

and 1011 Hz fitted well to the data in the smectic and the iso-
tropic phase, respectively. The corresponding values for the
material with R0 equal to 0.8 were found equal to 1.58 and
0.75 eV, and 3� 1022 and 1012 Hz, respectively. The higher
activation energies calculated for the smectic phase reflect
the difficulty of the charge carriers to move within this phase.
For the materials with R0¼ 0.2, 0.6 and 1.0, the Arrhenius
equation was fitted in the whole temperature range with
parameters 0.94, 1.0 and 1.0 eV, and 1013, 1015 and 1015 Hz,
respectively.

A significant change of the magnitude of the M00 maximum
was observed at the clearing temperature for all the materials
as can be followed in the inset of Fig. 13, where the clearing
temperatures (DSC measurements) are indicated by arrows.
M00max increases significantly with temperature increasing to
the clearing temperature and becomes almost constant in the
isotropic phase. This behavior can be understood in terms of
an increase in the charge carrier concentration, which contrib-
utes to conductivity, due to the increase in molecular mobility
passing from the smectic to the isotropic state.

Finally we should mention that LCPBD with R0¼ 0.4
was used also for optical investigations at room temperature
[18]. It was found that: (1) photochemically induced transe
cisetrans isomerization of azobenzene groupings results in
their local reorientation upon irradiation with linearly polar-
ized UV light; (2) resulting dichroism and birefringence are
stable and can be erased by subsequent irradiation with
non-polarized light. Further irradiation with polarized light
induces anisotropy again. Points (1) and (2) suggests that
LCPBDs and also linear and crosslinked materials based on
these LCPBDs can be used for reversible optical data storage
in photonics.

4. Conclusions

As follows from sulfur elemental analysis, 1H NMR spec-
troscopy and GPC, comb-like LCPBDs can be prepared by ad-
dition of thiols on double bonds of PBD. It was found that ca.
w70% modification of PBD can be achieved. NMR spectros-
copy has proved that the OH functionality of LCPBDs does
not change in the modification. From the DSC and WAXS ex-
periments it could be concluded that on cooling a smectic
structure in the polymers is formed at 95 �C with the period-
icity w3.39 and 1.7 nm (the former value agrees well with
the length of the thiol molecule). At 85 �C the crystallization
starts and at 77 �C lamellar periodicities of 4.72, 2.45 and
1.7 nm, reflecting mutual ordering of grafted side chains, are
formed. The amount of ordered phase in the polymers
increases with increasing modification. A simple dielectric
behavior with segmental a-relaxation and secondary b-
relaxation was found for unmodified PBD. Two secondary
b- and g-relaxations were observed for LCPBDs and assigned
to the local motion of the octyloxy end groups of the side
chains, and to the motion of the azobenzene moiety of the
side chain around its long molecular axis. At higher tempera-
tures, a-relaxation was observed only for the composition with
the lowest R0 (¼0.2), shifted to higher temperatures/lower
frequencies with respect to unmodified PBD. We assume that
a- relaxation is suppressed in the LCPBDs with higher R0 due
to a higher order of the smectic phase, formed within them.
The d-relaxation, assigned to liberation fluctuations of mesogen
around the short molecular axis, was observed at temperatures
higher than those of the a-relaxation in the LCPBDs with
R0¼ 0.4, 0.6 and 0.8. Conductivity and interfacial Maxwelle
WagnereSillars relaxation, indicating electrically heteroge-
neous materials due to the formation of the ordered smectic
phase, were investigated by analyzing the data within the
conductivity and the electric modulus formalisms. Dielectric
behavior (in particular 30(T ) at constant frequency), individual
relaxations (a and d) and conductivity exhibit distinct changes
at the phase transition temperatures determined by DSC.
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[11] Wübbenhorst M, van Koten E, Jansen J, Mijs W, van Turnhout J. Macro-

mol Rapid Commun 1997;18:139.

[12] Mysliwiec J, Miniewicz A, Nešpůrek S, Studenovský M, Sedláková Z.
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