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Abstract

The phase behaviour of PBO304, a liquid crystalline polyetherester derived from 4’-hydroxy-1,1’-biphenyl-4-carboxylic acid and the ether-
diol 4-(3-hydroxypropoxy)butan-1-ol, has been investigated by differential scanning calorimetry (DSC), real-time synchrotron X-ray diffraction,
optical microscopy and solid-state '>C NMR. The results reveal an interesting polymesomorphism in PBO304, since, on cooling from the melt, a
low-order smectic mesophase is obtained first, followed by a smooth transition into a slightly more ordered mesophase, and a final transition to a
phase with a relatively high degree of order, stable at room temperature. The subsequent melting shows enantiotropic behaviour but, interestingly,
the more ordered phase presents a considerably low undercooling. The '*C NMR results in the solid-state of the ordered phase show that a single
T}'}, relaxation time (and a single line shape for each particular carbon signal) is exhibited by PBO304. This fact, plus the low undercooling,
suggests the formation of a highly ordered mesophase, instead of a three-dimensional crystal, which is the case of the corresponding polyester with
the same spacer, or of the polyetherester with an all-methylene spacer. Additional experiments about the phase behaviour of the starting monomer
for the synthesis of PBO304, reveal that a highly ordered mesophase is also obtained for the monomer, with a diffractogram rather similar to that

exhibited by the ordered mesophase of the polymer.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Polyesters prepared by an alternating arrangement of
biphenyl units as mesogenic groups and aliphatic spacers,
[PhPhCOOROOC],,, exhibit smectic mesophases and many
works have been published concerning the influence of the
nature of the spacer on the thermotropic behaviour of these
polymers such as type of mesophases, thermal properties
(transition temperatures and temperature range of stability
of the mesophases) and crystallization rate [1-14]. Linear
methylenic spacers (R=(CH,),,) with an even number of
methylene units show SmA mesophases, while for odd spacers
a SmCalt mesophase is found [1-4]. The odd—even nature of
the spacer is also reflected in the temperatures and entropies
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of isotropization. Such an odd—even effect on thermodynamic
parameters and mesophase structure has been explained as a
consequence of the conformation of the spacer in the
mesophase, which dictates the arrangement of the mesogenic
cores in the smectic layer [15,16].

It has been proved that the thermal properties of the
mesophases and their transformation rate can be controlled
with suitable changes in the structure of the flexible spacer
[7-14]. A factor that can be controlled is the stiffness of the
molecular chains, governed by the number of conformations
permitted to the system, which can be modified by inserting
side groups and/or ether groups in the spacer. The information
from previous works [7-10,16] indicates that as a result of
substituting methylenic groups by ether linkages in the spacer,
the thermal transitions of polyesters are shifted to lower
temperatures, the thermodynamic behaviour becomes enantio-
tropic, and the rate of transformation of the mesophase into a
more ordered phase is considerably decreased. Moreover, SmC
phases have been reported for some oxymethylenic spacers
[9,17] and methylenic spacers with methyl substitutents
[12-14,18]. In recent works carried out in our laboratory,
stable mesophases have been obtained using asymmetric
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branched oxymethylenic spacers [10,19,20]. The odd-even
effect on transition parameters and mesophase structure has
been also found. It is evident, therefore, how important is the
nature of the flexible spacer for the liquid crystalline behaviour
of these polyesters.

Watanabe et al. [21] have studied the mesophase properties
and structure of the main chain poly(etherester)s derived from
4’-hydroxybiphenyl-4-carboxylic acid and alkanediols,
[PhPhO(CH,),,00C],,. These polymers contain two different
linkage groups in the connection of the mesogen to the alkylene
spacer: an ester group on one side and an ether group on the
other. From information given in that study, it appears that the
ether linkage produces similar odd—even effects than the ester
linkage, although an opposite oscillation with m of the smectic
structure is exhibited: for polymers with m even the mesophase
is SmCalt and for polymers with m odd the mesophase is SmA.
The observation of this opposite trend is due to the reduction by
one unit of the segment that connects two successive biphenyl
mesogens because of the lack of a carbonyl group in one of the
two linkage groups.

No further studies on structural analyses have been made in
relation to the odd—even character of flexible spacers in
polyetheresters based on the biphenyl mesogen. On the other
hand, little is known about the influence of the chemical nature
of the spacer on their thermotropic properties because
methylenic sequences have been the only spacers used at the
moment.

In this paper, the synthesis and liquid crystalline behaviour
of a polyetherester with oxymethylenic spacers derived from
the ether-diol 4-(3-hydroxypropoxy)butan-1-ol, HOCH,CH,.
CH,OCH,CH,CH,CH,OH, are described. The ether-diol is
even and, consequently, the polyetherester derived involves an
odd spacer. The aim of this work is to establish the effect of the
parity on the mesophase structure and also to investigate the
influence of the presence of oxygen atoms in the spacer on
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the thermal properties. The investigated polyetherester is
compared with its all-methylenic analogue (PHBC-8) [21]
and with the polybibenzoate derived from the same ether-diol
as spacer, whose synthesis and thermotropic properties were
described in a previous work [17].

2. Experimental section
2.1. Synthesis

The polyetherester studied in this work was obtained
according to Fig. 1.

2.1.1. Materials

The ether-diol 4-(3-hydroxypropoxy)butan-1-ol was syn-
thesized as previously reported [17]. Ethyl 4'-hydroxy-1,
1’-biphenyl-4-carboxylate and titanium (IV) isopropoxide,
(iPrO)4Ti, from Aldrich Co. were used as received.

2.1.2. Synthesis of the monomers

The monomers for the synthesis of the polyetherester were
obtained by reaction of ethyl 4’-hydroxy-1,1’-biphenyl-4-
carboxylate with 4-(3-hydroxypropoxy)butan-1-ol under
Mitsunobu conditions [22]. The detailed procedure for the
synthesis is the following: triphenylphosphine (PPhs) (2.35 g,
9 mmol), ethyl 4'-hydroxy-1,1’-biphenyl-4-carboxylate
(2.17g, 9mmol) and 4-(3-hydroxypropoxy)butan-1-ol
(2.65 g, 18 mmol) were dissolved in anhydrous tetra-
hydrofuran. The mixture was vigorously stirred and diethyl
diazodicarboxilate (DEAD) (1.56 g, 9 mmol) was added
dropwise at room temperature and the reaction mixture was
left stirring overnight. The solvent was eliminated under
vacuum and the solid residue was dissolved in dichloro-
methane. White needles of diethyl hydrazinedicarboxylate
precipitated from the solution and were eliminated by filtration.

HO\/\/O\/\/\OH + EtOOCOH

4-(3-hydroxypropoxy)butan-1-ol

PPh,/DEAD/THF

EtOOCOCHZCHZCHZOCHZCHZCHZCHZOH 33% Monomer A
MIT304 +
EtOOCOCHZCH2CH2CH20CHZCH2CHZOH 67% Monomer B

ooc OCHZCHZCHZOCHZCHZCHZCH

melt t_ransesterification
("PrO)4Ti

zﬁ—fooc OCHZCHZCHZCHZOCHZCHZCHZ

0.33

0.67 n

PBO304

Fig. 1. Synthesis of polyetherester PBO304.
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The filtrate was evaporated under vacuum and then purified by
flash chromatography using silica gel with dichloromethane/
ethyl acetate (7:3) as eluent. Yield 60%.

The diol 4-(3-hydroxypropoxy)butan-1-ol is asymmetrical
and two different products of reaction: ethyl 4'-[3-(4-hydroxy-
butoxy)propoxy]-1,1’-biphenyl-4-carboxylate (monomer A)
and ethyl 4'-[4-(3-hydroxypropoxy)butoxy]-1,1’-biphenyl-4-
carboxylate (monomer B), that only differ in the position of
the central ether of the aliphatic segment, can be formed
(Fig. 1). Their polarities are similar and the separation by flash
chromatography was not possible. This mixture of hydro-
xyester monomers, named MIT304, was used for the polymer
synthesis.

The chemical structures of the monomers A and B were
characterized by NMR spectroscopy in deuterated chloroform
("H NMR spectrum is shown in Fig. 2). The proton and carbon
peaks were assigned using COSY, HMQC and irradiation
experiments. Irradiating at the resonance frequency of the
quintuplet at 2.06 ppm, the "H NMR spectrum shows a singlet
peak at 4.10 ppm instead of a triplet. This observation confirms
the assignment of these signals to the protons Hb and Ha of
monomer A. The composition of the mixture MIT304 can be
determined from its "H NMR spectrum comparing the integrals
of the signals associated with the protons Hh (6=4.37 ppm,
PhCOOCH,CHj3;, monomer A and monomer B) and Hb (6=
2.06 ppm, PhOCH,CH,, monomer A). The percentage of the
monomers can also be calculated comparing the integrals of the
triplets corresponding to the protons Ha (6=4.10 ppm,
PhOCH,, monomer A) and Ha' (6§=4.00 ppm, PhOCH,,

i h
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monomer B). The results show a proportion of 33 and 67%
for monomer A and monomer B, respectively. The obtainment
of such different percentages of monomers points out the
different nucleophilic character of the hydroxylic groups in the
asymmetric ether-diol 4-(3-hydroxypropoxy)butan-1-ol. This
difference can be explained by a higher electron withdrawing
effect of the ether when three methylene units separate the
hydroxyl and the ether group.

"H NMR (CDCl5): 6=1.39 (t, monomer A and monomer B,
PhCOOCH,CH3), 1.83 (m, monomer B, PhOCH,CH,CH,.
CH,0, monomer A, OCH,CH,CH,CH,0H), 2.06 (q, mono-
mer A, PhOCH,CH,CH,0), 2.32 (t, monomer A, OH), 2.45 (t,
monomer B, OH), 3.50 (m, monomer A, OCH,CH,CH,CH,.
OH, monomer B, PhOCH,CH,CH,CH,0), 3.62 (m, monomer
A, CH,0OCH,CH,CH,CH,0OH, monomer B, OCH,CH,CH,.
OH), 3.77 (¢, monomer B, OCH,CH,CH,OH), 4.00 (t,
monomer B, PhOCH,), 4.10 (t, monomer A, PhOCH,), 4.37
(c, monomer A and monomer B, PhCOOCH,CH3), 6.95 (d,
monomer A and monomer B, CH,,CC-0), 7.54 (d, monomer A
and monomer B, CH,,CH,,CC-0), 7.59 (d, monomer A and
monomer B, CH,,CH,,CC=0), 8.06 ppm (d, monomer A and
monomer B, CH,,CC=0).

13C NMR (CDCl3): 6=14.3 (monomer A and monomer B,
PhCOOCH,CH3), 26.0 (monomer B, PhOCH,CH,CH,CH,0),
26.3 (monomer B, PhOCH,CH,CH,CH-0), 26.7 (monomer A,
OCH,CH,CH,CH,O0H), 29.6 (monomer A, PhOCH,CH,CH,._
0), 30.1 (monomer A, OCH,CH,CH,CH,0OH), 32.0 (monomer
B, OCH,CH,CH,0OH), 60.8 (monomer A and monomer B,
PhCOOCH,CHy), 62.1 (monomer B, OCH,CH,CH,0OH), 62.7

a b ¢ d e f

g
O— CHjy-CHy~ CHz- O— CHp~ CHp~ CHp- CHy-OH . 33%

; ) , ) !
i h [ a b ¢ d e f 9
monomer B CHg_CHZ_O_C O_CHz'CHz'CHz'CHz'O_CHz'CHz'CHz'OH 67%

m, p

©
-
o
(3]
~
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Fig. 2. "H NMR solution spectrum of MIT304.
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(monomer A, OCH,CH,CH,CH,OH), 64.9 (monomer A,
PhOCH,) 67.3 (monomer A, PhOCH,CH,CH,0), 67.7
(monomer B, PhOCH,), 70.1 (monomer B, OCH,CH,CH,OH),
70.8 (monomer B, PhOCH,CH,CH,CH-0), 71.0 (monomer A,
OCH,CH,CH,CH,OH), 114.9 (monomer A and monomer B,
CH,,C-0), 126.3 (monomer A and monomer B, CH,CH,,.
CC=0), 128.3 (monomer A and monomer B, CH,,CH,,C-0),
128.4 (monomer A and monomer B, CCH,,CH,,C-0), 128.5
(monomer A and monomer B, CH,,CC=0), 130.0 (monomer A
and monomer B, CH,CC=0), 145.1 (monomer A and
monomer B, CCH,CH,CC=0), 159.2 (monomer A and
monomer B, CH,,C-0), 166.5 ppm (monomer A and monomer
B, C=0).

A 15% fraction of the dicondensed product ethyl 4/-[3-(4-
{[4'-(ethoxycarbonyl)-1,1’-biphenyl-4-yl]oxy }butoxy)pro-
poxyl-1,1’-biphenyl-4-carboxylate was also obtained. This
fraction was easily removed from the monomer by flash
chromatography under the conditions mentioned above.

2.1.3. Synthesis of the polymer

The polyetherester, named as PBO304, was synthesized by
melt transesterification of the mixture MIT304 (monomer A
(33%) and monomer B (67%)). The catalyst, (iPrO),Ti, was
added to the melted monomers and the reaction mixture was
heated at 200 °C under a N, atmosphere for 3 h. In a second
step, polycondensation was carried out at higher temperature
(220-250 °C) under reduced pressure (0.01 mm Hg) for 4 h.
The polymer was purified by dissolving in hot chloroform and
precipitating in excess methanol. The polymer was collected
by filtration, washed with methanol and dried in vacuum. The
recovered material was close to 90% of the theoretical yield.

The chemical structure of the polymer was characterized by
NMR spectroscopy in deuterated chloroform. The 'H NMR
and "*C NMR signals (Fig. 3) were assigned using COSY and
HMQC experiments. The spectra do not show any unexpected
signals. The polymer composition can be determined from its
"H NMR spectrum by comparison of the integrals of the triplets
assigned to the protons Ha (6=4.10 ppm, PhOCH,, monomer
A) and Ha’' (6=4.00 ppm, PhOCH,, monomer B) or
comparing the signals of Hg (6=4.33 ppm, PhCOOCH,,
monomer A) and Hg' (6=4.42 ppm, PhCOOCH,, monomer
B). It was found that the ratio of the two monomers in the
polymer backbone corresponds very well with the composition
of the monomer mixture MIT304 used in the polymerization
reaction.

2.2. Techniques

The thermal behaviour of the polymer and of the monomer
was studied by differential scanning calorimetry (DSC)
experiments. DSC measurements were carried out with a
Perkin—Elmer DSC7 calorimeter, provided with a cooling
system.

The phase transitions and the nature of the phases involved
were investigated by real-time X-ray diffraction experiments
with synchrotron radiation. The short acquisition times
required for the synchrotron experiments make this technique

o n k ] 0
p m | i a b ¢ d e f g I
O—CHZ—CHZ—CHZ—O—CHZ—CHZ—CHZ—CHZ—O—Ch

33

o n kK i e}
D, I i a' b ¢ d' ' I g 1l
O~CHy=CHy~CHy~CHz=0—CHy~CH,~CH,-0—C:

0.67

8 7 6 5 4 3 2 1
ppm

"H-NMR (CDCI 3,40°C): 8 =1.75 (m, 4H, He and Hc"), 1.85
(m, 4H, Hf and Hb’), 2.04 (m, 4H, Hb and Hf"), 3.50 (t, 4H, Hd and
Hd’), 3.58 (t, 2H, He’), 3.60 (t, 2H, Hc), 4.00 (t, 2H, Ha’), 4.10 (t, 2H,
Ha), 4.33 (t, 2H, Hg), 4.42 (t, 2H, Hg’), 6.94 (m, 4H, Hj and Hj’), 7.53
(m, 8H, Cn, Cn’, Ck and CK’), 8.04 (m, 4H, Co and Co’) ppm.
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BC-NMR (CDCI 3,40°C): 3 =25.7 (Cf), 26.1 (Cb’), 26.3 (Ce and
Cc’), 29 .4 (Cf"), 29.7 (Ch), 62.2 (Cg’), 64.7 (Cg), 65.0 (Ca), 67.2
(Cc), 67.3 (Ce’), 67.7 (Ca’), 70.4 (Cd), 70.5 (Cd’), 114.9 (Cj and Cj’),
126.4 (Cn and Cn’), 128.3 (Ck and Ck’), 128.4 (Cl and CI’), 130.0
(Co and Co’), 132.2 (Cp and Cp’), 145.2 (Cm and Cm’), 159.3 (Ci
and Ci’), 166.5 (Ch and Ch’) ppm.

140

Fig. 3. "H NMR and "*C NMR solution spectra of PBO304.

particularly useful for the characterization of liquid crystal
systems where more than one mesophase are formed, or where
the mesophases present a short interval of existence. These
experiments were performed at the polymer beamline at
Hasylab (Desy, Hamburg). The beam was monochromatized
(A=0.150 nm) by Bragg reflection through a germanium single
crystal. Two linear position-sensitive detectors were used
simultaneously, one of them fixed and covering the approxi-
mate 26 range from 10 to 30°, and the other being set at two
different sample-detector positions (in the direction of the
beam): 43 and 190 cm, respectively. The first position covers
the approximate 26 range from 1.1 to 8.8° (spacings from 8 to
1 nm), and the second, from about 0.24 to 2.70° (spacings from
about 35 to 3.2 nm). Therefore, wide-angle (WAXS), middle-
angle (MAXS) and small-angle (SAXS) scattering data are
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collected in the two experimental set-ups: simultaneous
WAXS/MAXS profiles are acquired in the first case, and
WAXS/SAXS in the second.

Film samples, of about 20 mg, were covered by aluminum
foil, in order to ensure homogeneous heating or cooling, and
placed in the temperature controller of the beamline, under
vacuum. Heating or cooling experiments were performed at a
rate of 8 °C/min. The same temperature program was
reproduced in the two set-ups, and the WAXS data were
used to monitor the reproducibility of the results. The
reproducibility was found to be well inside the inherent
experimental resolution of the system.

The scattering patterns were collected in time frames of 30
or 15 s, so that we have a temperature resolution of 4 or 2 °C
between frames. The calibration of the spacings for
the different detectors and positions was made as follows: the
diffractions of a crystalline PET sample were used for the
WAXS detector; a sample of silver behenate (giving a
well-defined diffraction at a spacing of 5.838 nm, and several
orders) was used for the MAXS detector; and the different
orders of the long spacing of rat-tail cornea (L=65 nm) for
the SAXS detector.

Fiber patterns were also obtained, at room temperature, in
the same synchrotron beamline but with a different configur-
ation: an image plate detector, located at 20.5 cm from the
sample, was used for the WAXS/MAXS region, and a CCD
detector, at 307 cm from the sample, for the SAXS region.

The polymer film for DSC and synchrotron measurements
was prepared by molding the material in a Collin press above
the melting temperature and then cooled to room temperature.

The mesophase textures were studied using a Carl Zeiss
polarizing microscope equipped with a Linkam TMS92 hot
stage.

Solid-state '*C NMR spectra were acquired, at room
temperature, on a Bruker AVANCE 400 spectrometer,
operating at 100.615 MHz. The sample, inside 4-mm rotors,
was rotated at 7000 Hz. A cross-polarization, CP, time of 1 ms
was used, with different spin-locking, SL, times. Typically,
5000 transients were acquired for each experiment, using a
recycle delay of 5s. A secondary standard, adamantane, was
employed as reference for the chemical shift.

3. Results and discussion

The DSC cooling and heating curves at 8 °C/min of
PBO304 are shown in the lower part of Fig. 4. Three
exotherms at 179 °C (AH=11.31J/g), 166 °C (AH=9.11J/g)
and 122 °C (AH=9.6J/g) are obtained on cooling from the
isotropic melt. In the subsequent heating cycle, three
endotherms at 128 °C (AH=9.9 J/g), 191 and 194 °C appear.
The two endotherms at higher temperature are overlapped, and
the total enthalpic change is 20.8 J/g.

Three exotherms were also observed for the polybibenzoate
with the same spacer [17]. In that case, the lower temperature
one was attributed to the formation of a three-dimensional
crystal structure, while the other two involved low-ordered
mesophases (SmA and SmC). In the present case, the lower

heat flow (W/g)

iR
=]
T T
el
oe}
o]
w
t
Y
1

0.5 d/_\//\/ﬁ

00 L 1 L 1 L 1 L 1
40 80 120 160 200
T(C)

Fig. 4. DSC curves of monomer MIT304 (upper) and of the polymer PBO304

(lower) corresponding to the cooling from the isotropic melt and the subsequent

heating. Scanning rate: 8 °C min ™~ '.

temperature phase might be also attributed to a crystal
structure. However, there is a clear difference between the
two polymers: the crystal phase of the polyester presents a
considerably high undercooling, while in the polyetherester the
undercooling for the low-temperature phase is rather small: of
the order of only 6 °C, as observed in Fig. 4 (for the actual
scanning rate of 8 °C/min). This low undercooling is not usual
when crystalline phases are involved.

The MAXS/WAXS synchrotron profiles obtained for
PBO304 during a cooling cycle at 8 °C/min are presented
in Fig. 5 and the results obtained in the analysis of the
diffractograms are displayed in Figs. 6 and 7. It can be observed
that, at temperatures between 216 and 180 °C the diffracto-
grams show only a broad halo in the WAXS region, centred at
0.48 nm, corresponding to the averaged intermolecular

216 °C

168 °C

)

128 °C

32°C

T T T T
0.4 0.5 0.6 0.7 15 20 25 30

s (nm1) s (nmY)

Fig. 5. X-ray diffraction patterns in the MAXS (left side) and WAXS (right
side) regions of PBO304 recorded at an experimental rate of 8 °C min~'
during the cooling from the isotropic melt. For clarity, only one of every two
frames is plotted.
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Fig. 6. Variation of the position of the MAXS peak (a), width (b), total area (c)
and derivative of the area (d) as a function of temperature corresponding to
PBO304 in the cooling experiment, at 8 °C min ', of Fig. 5. The DSC cooling
curve, at 8 °C min~— ', (e) is also presented for comparison.

distances in the isotropic melt. On lowering the temperature, at
176 °C a MAXS peak appears at around 1.773 nm (s=
0.564 nm~"). At the same time, a narrowing and a slight
change in the position of the WAXS halo are observed (see
diffractogram at 168 °C in Fig. 5). These observations indicate
the formation of a smectic phase with disordered layers. A
further decrease in temperature produces the following changes
in the diffractograms. First, the intensity of the amorphous-like
halo (now placed at around 0.46 nm) increases and the halo
becomes sharper while the MAXS peak changes its position
very slightly (see diffractogram at 128 °C in Fig. 5 and results
displayed in Fig. 6). All this seems to indicate that a mesophase
with a slightly higher degree of order is obtained, most
probably a SmB mesophase with a rather disordered hexagonal
packing within the smectic layers.

On further cooling, the WAXS region starts to show
remarkable changes when the temperature approaches 124 °C:
three diffraction peaks appear at 0.454, 0.420 and 0.336 nm,
respectively. Moreover, the MAXS diffraction shifts from
around 1.765 nm just before the transition to 1.787 nm after the
transition. We are dealing, therefore, with a phase of a
considerable degree of order. This phase is stable at room

—
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0.47 | —@— heating

€ [

= o046 @
é b
0451
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1.0 - —O—cooling
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08} (b)
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height, . (a. u.)
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16 TR ST I SR S
75 100 125 150 175 200 225
T(°C)

Fig. 7. Variation of the position (a) width (b) and height (c) of the WAXS broad
peak as a function of temperature for PBO304, for both the cooling and the
heating experiments.

temperature, where the spacings for the WAXS peaks are
0.448, 0.415 and 0.328 nm (s values of 2.230, 2.410 and
3.042nm ™!, respectively), while the MAXS peak is now
centred at 1.777 nm (s=0.563 nmfl).

All the phases formed by PBO304 show smectic spacings
close to the length of the extended repeating unit (L=2.10 nm).
Moreover, no variation with temperature of these spacings,
besides the effect of thermal contraction, has been detected
in the synchrotron X-ray diffraction experiments, so it can be
considered that the phases formed by PBO304 seem to be
orthogonal structures. In the case of the polyester with the same
spacer, a tilted SmC mesophase is obtained, when lowering the
temperature, from the initial orthogonal SmA phase.

Mechanically aligned samples were made in order to obtain
X-ray patterns at room temperature of the oriented polymer
that permit us to confirm this orthogonal structure. We failed
to quench the low-ordered mesophases, so that only the
diffraction pattern of the more ordered phase could be obtained.
This pattern is presented in Fig. 8, and shows two sharp inner
reflections, located at 1.770 and 0.885 nm, attributed to the
layer spacing and its second order. They appear on the
meridian, indicating that the normal direction of the layers is
parallel to the fiber (macromolecular direction). Therefore, and
considering the small changes in the layer spacing on passing
through the different transitions, it can be concluded that the
phases of PBO304 are upright structures.

The detailed analysis of the MAXS/WAXS experiments on
cooling PBO304 from the isotropic melt is presented in Figs. 6
and 7. As mentioned above, the MAXS peak appears at around
176 °C, coinciding with the first exotherm observed in the DSC
cooling curve, and a clear increase in the MAXS spacing is
detected (Fig. 6(a)) centred at around 122 °C (third exotherm).

The width of the MAXS peak presents only a slight decrease
at around 120 °C (Fig. 6(b)). However, no noticeable change in
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-~
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Fig. 8. Image plate X-ray photograph of a PBO304 fibre, acquired at room
temperature. Stretching direction vertical.

the position, or in the width of the MAXS peak is observed at
temperatures around 166 °C, where the second DSC exotherm
is obtained.

The variation with temperature of the area of the MAXS
peak is presented in Fig. 6(c), showing again only two clear
changes, centred at 176 and 122 °C, as observed more clearly in
its derivative (Fig. 6(d)). The comparison of this derivative
with the DSC cooling curve (Fig. 6(e)) indicates that, although
there is a general rather good coincidence between the
synchrotron and DSC results, however, the two transitions at
higher temperatures observed in the DSC cooling curve are not
resolved in the MAXS results.

The WAXS results are presented in Fig. 7, showing the
variation of the position, width and height of the amorphous-
like halo (before the obtainment of the final low-temperature
phase, which shows clear diffraction peaks). Again, only a
clear change of both magnitudes is observed at around 176 °C,
while no discontinuity is observed at lower temperatures.
However, as observed in Fig. 5, the amorphous-like halo
experiences a rather noticeable decrease in width and increase
in its maximum intensity between the formation of the initial
low-ordered mesophase and the final low-temperature more
ordered phase. That decrease in the width and increase in the
height appears to be much higher than the ones found when
only low-ordered mesophases, like SmA or SmC, are involved
[17,23,24].

A phase behaviour rather similar to the one exhibited by
PBO304 has been reported for liquid crystalline polyoxetanes
[23] with side chains including two biphenyl mesogens also
connected by ether and ester linkages to different flexible
spacers and terminal segments. These side-chain polyoxetanes
exhibit much more clearly the intermediate formation of a
disordered hexagonal SmB mesophase, and the single WAXS
peak obtained for that mesophase is considerably narrower
than the one obtained here for PBO304. Thus, a width of only
around 0.2 nm ™" is reported for one of those polyoxetanes,
indicating a higher degree of order inside the smectic layers.
However, it has to be taken into account that the considerably

higher side-chain mobility may be responsible of obtaining a
higher order.

From all these previous results, and considering that all the
phases involved seem to be orthogonal, a probable explanation
is that a low-ordered SmA or SmCalt mesophase is formed first
on cooling from the melt, and such phase experiences a rather
smooth change into a slightly more ordered mesophase: most
probably a SmB mesophase. Regarding the final ordered phase,
we will come to its nature later on.

The MAXS/WAXS diffraction patterns corresponding to
the subsequent melting experiment are presented in Fig. 9. A
phase sequence opposite to that obtained on cooling is
observed, revealing the enantiotropic behaviour of PBO304.
Moreover, the detailed analysis of the diffractograms leads to
rather similar results to those obtained on cooling. For instance,
the variation of the position, width and area of the MAXS peak
is practically the same as that presented in Fig. 6 for the cooling
experiment, with the only difference of the small temperature
shift of the two clear ‘transitions’, which on heating appear
centred at 132 and 188 °C. Regarding the WAXS results for the
amorphous-like halo, the variation of its position and width is
presented in Fig. 7, compared with the cooling results, and
showing the commented parallelism.

Additional SAXS/WAXS experiments have been performed
on PBO304. The SAXS profiles corresponding to a melting
experiment are presented in Fig. 10. No long spacing is
detected at any temperature, contrary to the case of other
similar liquid-crystalline polymers where crystalline phases
are involved [17,25,26]. Of course, it may happen that the
long spacing falls outside the detector’s window, or there is
not enough electron density differences among the sample
(no long spacing was detected neither in the fiber SAXS pattern
obtained in the CCD detector, which, for the actual
configuration, presents a lower limit for the detector’s windows
of around 66 nm). But considering the results in other
polymers and the fact of the very low undercooling exhibited

—
=——Fa =

Fig. 9. X-ray diffraction patterns in the MAXS (left side) and WAXS (right
side) regions of PBO304 recorded at an experimental rate of 8 °C min~ '
during the heating. For clarity, only one of every two frames is plotted.
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Fig. 10. SAXS profiles of PBO304 in a heating experiment at 4 °C min . For
clarity, only one of every three frames is plotted.

by the low-temperature phase, it seems that we are dealing with
a highly ordered mesophase and not with a three-dimensional
crystal. From the previous diffraction results, such phase is
orthogonal, so that it is most probably a smectic crystal of the
type SE: a smectic crystal with orthorhombic structure and
orthogonal alignment of the chains, but with rotational disorder
that differentiates it from a truly three-dimensional crystal.

A close inspection of the SAXS profiles in Fig. 10 reveals
that there are subtle changes at the known transitions. In fact,
Fig. 11 presents the variation of the relative SAXS invariant
[27-29] showing small but clear increases at the two transition
regions, indicating, most probably, some differences in the
density fluctuations among the different phases.

In order to get a further insight about the nature of the
ordered phase, several solid-state '?*C NMR experiments were
performed on a sample of PBO304, acquired with CP-MAS
techniques, and with variable spin-locking (SL) times. Fig. 12
shows the spectrum corresponding to a 0.0l ms SL time

rel. SAXS invariant

40 80 120 160 200
T(°C)

Fig. 11. Temperature dependence of the relative SAXS invariant corresponding
to the melting experiment in Fig. 10.

68.4

intensity

P R R R R S Y B
180 160 140 120 100 80 60 40 20
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Fig. 12. Solid-state '>C CP-MAS experiment, at room temperature, for
PBO304, acquired with a SL time of 0.01 ms.

(a negligible time). The chemical shifts for the different
resolvable resonances are indicated. They correspond very well
with the solution chemical shifts shown in Fig. 3. Fig. 13 shows
the amplification of the aliphatic carbons region for the spectra
acquired with 0.01 and 4 ms SL time (this last one amplified by
a factor of 2.96). The spectrum with the negligible SL time will
be representative of the possible different phases present in the
sample, even though the relative proportions may be somewhat
distorted, owing to possible differences in CP efficiency. On the
other hand, the spectrum with 4 ms SL time, besides the
decrease in peak intensities by a factor of 2.96, shows exactly
the same line shapes than the one with the 0.01 SL time,
indicating that Tl}}) is quite uniform throughout the sample.
Moreover, the decay of the magnetization with the SL time is
plotted in Fig. 14. A perfect straight line is followed,
corresponding to a single T]If) of 3.6 ms. The most probable
interpretation of these uniformities is that a single phase is
present, i.e. a highly ordered mesophase that occupies
practically 100% of the whole sample, contrary to the case of

intensity

ppm

Fig. 13. Solid-state '*C CP-MAS spectra, showing the aliphatic region,
corresponding to PBO304 acquired with 0.01 ms (upper) and 4 ms (lower) SL
times. The lower spectrum has been multiplied by a factor of 2.96.
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Fig. 14. Evolution of the magnetization with the spin-locking time for a
PBO304 sample in CP-MAS experiments with variable spin locking time.

the crystalline phases found in other similar systems, where
semicrystalline samples are reported [26,30] with two well
different Tf}, values. In fact, preliminary results on a sample of
the polyester with the same spacer, indicate also the presence
of two phases with different TE) values (and line shapes), as
correspond to a semicrystalline sample [17].

Attempts were also made in order to identify, by optical
microscopy, the textures corresponding to the different phases.
Unfortunately, and as it happens with LC polymers of high or
relatively high-molecular weights, no identifiable textures were
obtained.

For that reason, we decided to perform a complementary
study of the phase behaviour corresponding to the starting
monomer, named as MIT304. DSC, optical microscopy and
X-ray diffraction experiments indicate that MIT304 exhibits
liquid crystalline properties. It presents two thermal transitions
with small undercooling. Thus, the upper part of Fig. 4 shows
that, on cooling from the melt, two exotherms are obtained, at
104 °C (with an enthalpy of 22.9 J/g) and 94 °C (enthalpy of
13.0J/g), while on heating the two endotherms appear at
100 °C (13.4 J/g) and 111 °C (22.5 J/g).

The first transition observed on cooling from the isotropic
melt corresponds to the formation of a smectic mesophase with
disordered layers, since the diffractogram obtained for this
phase presents a MAXS peak at 2.42 nm (s=0.413 nm ™ "), due
to the regular piling of smectic layers, and a broad halo at
0.445 nm (s=2.247 nm "~ 1) in the WAXS region, correspond-
ing to the disordered lateral arrangement of the molecules
within the layers. In the second transition the smectic
mesophase is transformed into a phase of more symmetry
which shows three reflections in the WAXS region (0.446,
0.397 and 0.321 nm) and a smectic spacing at 2.47 nm
(s=0.405 nm ).

A reverse phase behaviour is observed on melting (Fig. 15):
the ordered phase is transformed into the low-ordered
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Fig. 15. X-ray diffraction patterns in the MAXS (left side) and WAXS (right

side) regions of MIT304 recorded every 15 s during the heating at 8 °C min ™.

For clarity, only one of every two frames is plotted.

mesophase at around 100 °C, and this melts at around
110 °C, in perfect agreement with the DSC results.

At this point it is interesting to consider the low enthalpy
involved in the formation of the low-temperature phase, and
that only one order is observed for the MAXS spacing. These
two facts are not supporting the formation of a crystalline
phase, and a highly ordered mesophase is more probable.

Fig. 16 shows the revealing birefringence textures observed
with an optical microscope. At room temperature MIT304
shows a focal-conic fan texture over a mosaic texture (see
photograph a). Moreover, the presence of coloured concentric
arcs in the smectic fans is observed. The striated fan-shaped
texture and mosaic texture are commonly developed by highly
ordered smectic phases [31]. Increasing the temperature, and
coinciding with the first thermal transition in the DSC heating
curve, the concentric arcs of the fans disappear at the same time
that the mosaic texture vanishes, and a simple focal-conic
texture, corresponding to a low-order smectic mesophase is
then observed (see photograph b). As diffraction experiments
showed, the second thermal transition corresponds to the
isotropization of the mesophase: the focal-conic texture
vanishes and the isotropic melt is observed in the microscope.

Fig. 16. Representative optical polarized micrographs of MIT304. (a) Texture
observed at room temperature after cooling from the isotropic melt. (b) Focal-
conic texture of the S, mesophase at 108 °C upon heating.
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Table 1

Phase sequence exhibited by the polyetherester PBO304 compared to those of
P304B, the polyester with the same spacer, and PHBC-8, the polyetherester
with the corresponding all-methylene spacer

Polymer Phase sequence®

PHBC-8%! I 193 SmCalt 147 Cr

PBO304 I 179 SmA or SmCalt 166 SmB 122 SE
P304B"7 I 147 SmA-SmC 52 Cr

? On cooling from the isotropic melt. The numbers indicate the transition
temperatures in °C.

As commented above, the two phases observed show layer
periodicities of 2.42 and 2.47 nm, respectively, very close to
the fully extended length of the molecule (L=2.50 nm). This
suggests the presence of orthogonal phases. Considering,
therefore, all the previous results, the phase sequence obtained
for MIT304 on cooling is, probably, the following: isotropic
melt, low-ordered SmA mesophase and highly ordered SE
smectic crystal.

In fact, the three WAXS reflections observed in Fig. 15 can
be tentatively assigned to the (110), (200) and (210) planes of
an orthorhombic packing with a=0.794 nm, »=0.539 nm and
c=2.47 nm.

It can be concluded, therefore, that the monomer MIT304
presents a phase behaviour rather similar to that of the polymer
PBO304, with the exception of the considerably lower
transition temperatures in the monomer (as expected), and
the fact that only one low-ordered mesophase is observed in the
monomer (probably due to the smaller temperature interval
between the transitions).

This similarity reinforces the assignment of the ordered
phase of the polymer to a SE smectic crystal, most probably,
with an orthorhombic packing. In fact, and similarly to the
monomer, the three WAXS diffractions of the polymer (see
above) can be assigned to the (110), (200) and (210) planes of
an orthorhombic packing with a=0.830 nm, »=0.523 nm and
c=1.78 nm.

Finally, Table 1 shows the comparison of the phase
sequences exhibited by the polyetherester PBO304, the
polyester with the same spacer, P304B, and PHBC-8, the
polyetherester with the corresponding all-methylene spacer. It
can be observed, first, that the transition temperatures exhibited
by PBO304 are intermediate between those of the other two
polymers. This is a expected result since PHBC-8 with an all-
methylene, less flexible spacer than that for PBO304, shall
present the highest transition temperatures, while the polyester
P304B, prepared with the same diol than PBO304, includes an
extra carbonyl group in the spacer, i.e. its length is higher.

But the most interesting feature from the inspection of the
phase sequences in Table 1 is the fact that the inclusion of
oxygen atoms in the spacer leads to an extended polymeso-
morphism, since more than one type of mesophases are
observed: two in the case of P304B and three in the present
case of PBO304. Therefore, very simple changes in the spacer
(and/or in the connecting groups) lead to a rather different
phase behaviour.

4. Conclusions

In conclusion, the results reveal an interesting polymeso-
morphism in PBO304, since, on cooling from the melt, a low-
order SmA or SmCalt mesophase is obtained first, followed by
a smooth transition into a slightly more ordered SmB
mesophase, and a final transition to a phase with a relatively
high degree of order, stable at room temperature, assigned as a
smectic crystal SE. The subsequent melting shows enantio-
tropic behaviour but, interestingly, the more ordered phase
presents a considerably low undercooling.

The '>C NMR results in the solid state of the ordered phase
show that a single Tl}}) relaxation time (and a single line shape
for each particular carbon signal) is exhibited by PBO304.
This fact, plus the low undercooling, suggests the formation of
a highly ordered mesophase, instead of a three-dimensional
crystal, which is the case of the corresponding polyester with
the same spacer, or of the polyetherester with an all-methylene
spacer.

Additional experiments about the phase behaviour of the
starting monomer for the synthesis of PBO304, reveal that a
highly ordered mesophase (most probably a smectic crystal of
the SE type) is also obtained for the monomer, with a
diffractogram rather similar to that exhibited by the ordered
mesophase of the polymer.
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