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a b s t r a c t

A new series of thermotropic ionic polyurethane-urea (PUU) liquid crystals (LCs) were synthesized, each
by using the corresponding diisocyanate, 4,40-bis(6-hydroxyhexoxy)biphenyl, and sodium 2,5-dia-
minobenzenesulfonate. Morphology, phase transition temperatures, and spectroscopic characteristics of
the PUU LCs are reported. Each PUU exhibits a monotropic liquid crystal phase upon slow cooling. The
PUU LC phase texture is visible by polarized optical microscopy (POM) and is dependent upon the PUU
isocyanate precursor; 1,6-diisocyanatohexane (HDI) and 5-isocyanato-1-(isocyanatomethyl)-1,3,3,-tri-
methylcyclohexane (IPDI) polymers have schlieren textures, whereas 2,4-diisocyanato-1-methylbenzene
(TDI) and methylenebis(4-phenylisocyanate) (MDI) polymers show grain textures.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Liquid crystalline polymers (LCPs) [1,2] have been actively
studied recently because of their technological potential [1a–c] and
scientific challenges [1d,e]. Main chain LCPs without ionic groups
generally has poor miscibility with and adhesion to other polymers,
hindering their uses in blends of LC polymers and conventional
polymers [1f]. Therefore, ionic LCPs have the simultaneous dual
advantages of LCPs, such as microfiber reinforcement, and of
ionomeric polymers, such as increased miscibility [1g]. Poly-
urethane-ureas (PUUs) are of interest due to their excellent ther-
moplastic characteristics [3], but their design as liquid crystals has
not been so explored [3d–f]; there appear to be few reports of
nonionic PUU LCs, whether smectic [3d,e] or nematic [3f], and even
fewer of PUU LCs [3i–k] which could be ionic under some condi-
tions. Therefore, in designing an ionic PUU LC synthesis, we drew
from design strategies used in other similar systems.

Liquid crystal (LC) characteristics of polyurethane (PU) produced
from 2,4-toluenediisocyanate (24TDI) and 4,40-bis(6-hydroxyhex-
oxy)biphenyl (BHHBP) are reported to be due to structural features,
including the asymmetric methyl in 24TDI, rigid biphenyl units,
flexible methylene spacers of BHHBP, but less from intermolecular
hydrogen bonding of urethane linkages [2a]. Hydrogen bonding in
PUs was reported to be ‘‘only of secondary importance’’ in meso-
phase formation and morphology [2a], but important to dimensional
stability [2b]. In contrast, hydrogen bonding in PUUs is expected to
: þ1 405 325 6111.

All rights reserved.
influence these characteristics differently, not only because NH
bonds in urea linkages provide additional protons for donation, but
also because the lone pair on N will form stronger hydrogen bonds
than those on O; this is because the lower-electronegative N holds its
electron pair more loosely, enabling it to participate more efficiently
as an electron pair donor in hydrogen bonding. Indeed, reports have
indicated that hydrogen bonding is important in PUUs [3a,b].
Therefore, polyurethane-ureas (PUUs) seem more likely candidates
for liquid crystals, due to this potential for different hydrogen
bonding, consisting of more and stronger bonds. There are two
reports of PUU LCs, which could be ionic under some conditions [3i,j]
and one report of a PUU LCs [3k], which is ionic; all used the same
synthetic route using 3,5-diaminobenzoic acid.

The effects of PU and PUU precursor characteristics on product
features help guide designing an ionic PUU likely to have LC
properties. Many PUU syntheses used a diol, a diisocyanate, and
a diamine chain extender [3]. In order to design an ionic PUU LC
with compatibility in polymer blends, we incorporated into that
design the characteristics which were reported to promote desired
properties in other polymer systems: (1) an aromatic diamine as
the chain extender [3d], (2) BHHBP as the mesomeric diol, which
yielded an LC in the PU system [2a], (3) unbranched hard segments,
which increase packing and hydrogen bonding in PUUs [3a], (4) an
ionic hard segment, which gives better mechanical properties in
multiple systems [2c,4], and (5) selecting sulfonate as the ionic
group, because in PUs, sulfonate produced stronger intermolecular
interactions than carbonate [2c]. Although the ionic nature of the
product might be expected to reduce its LC properties [5], this is
offset by the expectation that ionic groups have been shown to
increase polymer compatibility in blends [1g,6a,b]. Blended
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polymers often can be used simultaneously [1a] as novel compati-
bilizers [1c,g], processing aids [1b,c], and reinforcing agents [1g,6c],
for polymer blends [1a], new types of advanced materials, and other
commercially important systems [6d,e]. Therefore, it was of interest
to develop a new route to ionic PUU LCs and to examine their
characteristics. This PUUs based low molecular weight polymers are
able to control the ionic content in the range of 6–12%, leads
hydrophobic linear main-chain LC PUUs are insoluble in water.

BHHBP was reacted with a representative diisocyanate eq. (1),
followed by treatment with the ionic chain extender sodium 2,5-
diaminobenzenesulfonate (DBS), by iterating 4� through a modi-
fied two-step procedure [3a] to give the corresponding PUU eq. (1),
(R¼ diisocyanate). We report herein the synthesis and character-
istics of four PUUs by this route.
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2. Results and discussion

Four series of PUUs were synthesized by reacting BHHBP and
DBS with a linear aliphatic diisocyanate (HDI), a cyclic aliphatic
diisocyanate (IPDI) and in order to find out the effect of an aromatic
diisocyanate on the liquid crystalline property, the hexyl space
mesogenic diol was reacted with TDI and MDI. FTIR was used for
structural characterization of the PUUs as KBr pellets (sample:
KBr¼ 1:80). FTIR spectra (Fig. 1) confirmed each PUU formation by
disappearance of the very broad peak at 3535–3350 cm�1 (O–H
stretch) and appearance of a new sharper peak at 3330 cm�1

(urethane N–H stretch). Absence of an isocyanate antisymmetric
stretching band at 2280–2260 cm�1 in the product also evidences
complete reaction between hydroxyl and diisocyanate. Similarly,
IRs of PUUs1–4 each show a band at 1610 cm�1 (urethane C]O
stretch) with a shoulder at 1545–1540 cm�1 (urethane N–H bend),
and a second band at 1258–1225 cm�1 (N–C stretch of N–COO);
these indicate formation of functionalities characteristic of a PUU.
The spectra for PUUs1–4 have typical overlapping free and
hydrogen bonded N–H stretch bands at about 3500–3300 cm�1.
These agree with IR changes observed upon blending polyurethanes
with polyamides [7]. The counter-ion to SO3
� in these PUUs (Naþ)

complexes with the nitrogen lone pair electrons and reduces the N–
H bond length. This produces the observed shift of N–H peaks from
3500 to 3330 cm�1, as it does in polyester PUUs [8].

The ionic PUUs reported herein were also characterized by using
cross polarization/magic angle spinning (CP/MAS) 13C NMR. The 13C
NMR of PUU1 (Fig. 2) shows peaks (in ppm) at 29.5 (CH2), 45.2
(CH2), 65.3 (CH2–OPh), 69.6 (CH2-OC(]O)NH), 119.0 (C]C), 131.8
(C]C), 160.1 (urea C]O), and 162.1 (sm shoulder, urethane C]O).
PUUs1–4 show number average molecular weights ðMnÞ in the
range 25,000–35,000, as determined by VPO (Vapor-Phase
Osmometry) in tetrahydrofuran (THF). All the PUU LC ionomers are
insoluble in water because the ionic content of each is below
15 mol% in the main-chain PUU [9].
PUU thermal properties (Table 1) were determined by differ-
ential scanning calorimetry (DSC) and thermogravimetric analysis
(TGA). The two decomposition temperatures for each PUU studied
herein were in the range of 315–359 �C for the first decomposition
temperature (Td1) and 399–496 �C for the second decomposition
temperature (Td2); all were dependent upon the diisocyanate used.
This shows that all the PUUs were thermally stable [5] (i.e., no
weight loss) up to 315 �C and that decomposition occurs after the
clearing temperature of the ionic LC, as observed by optical
microscope. The PUU2 DSC trace (Fig. 3) shows two endothermic
transition temperatures on heating [2a], glass transition (Tg) and
melting (Tm) at 123.9 �C and 179.1 �C, respectively (Table 1). In the
cooling scan (Fig. 3b), PUU2 exhibits a sharp exothermic peak at
168.5 �C, which agrees with formation of an LC phase of the poly-
mer [10]. The differences in Tm between DSC and POM may be due
to the difference in a heating rate and the instrumentals differences
(2–6 �C). Mormann and coworkers [10b] reported similar obser-
vations of crystallization upon cooling as same as the evidence of
the crystallization melting point upon heating for the unsegmented
polyurethane liquid crystals [10c].

Textures of PUUs1–4 were observed (Fig. 4) by cross polarized
optical microscopy (POM) with a hot stage; these are characteristic
of liquid crystals [10,11b,12,13]. PUU1–4 POM melting temperatures
(Table 1) generally agree with the PUU1–4 DSC melting points.
However, comparing these results for PUU1–4 with those for other
LC polymers is difficult due to differences in Mn, functional groups,
polymeric architectures, etc. PUU2 LC began melting at 184.9 �C
and reached its isotropic state at 290 �C; upon cooling, the thermo-
tropic LC started to appear at 168.9 �C. At 126.8 �C the PUU2 LC was
fully formed and is shown in an optical photograph (Fig. 4b).
PUUs1–4 exhibit monotropic liquid crystallinity upon cooling; they
exhibit mesophases with well-defined textures and are stable



Table 1
PUU heating temperatures (�C) of glass transition (Tg), melting (Tm), and first (Td1)
and second decompositions (Td2).

Codes Tg Tm Td1 Td2

DSC DSC POM TGA TGA

PUU1 – 185.2 189.2 343 399
PUU2 123.9 179.1 184.9 359 445
PUU3 – 255.4 248 315 467
PUU4 – 269.8 262.5 340 496

Fig. 1. FTIR spectra of (a) PUU1 (b) PUU2 (c) PUU3 and (d) PUU4.
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macromolecules. These PUU LCs do not form lyotropic mesophases,
probably because each has a hydrophobic linear main-chain, that is
insoluble in water [11a].

The micrograph of each PUU (Fig. 4a–d), taken after cooling
from its isotropic state, shows an LC phase. PUU1 and PUU2 each
Fig. 2. CP/MAS 13C NMR spectrum (ppm) of PUU1.
shows a schlieren LC double axial texture, characterized by two-
brush and four-brush point singularities [10,11b,12,13e–g]. Each
PUU3 and PUU4 shows a grain LC texture [10,13a–c]. In order to
assist viewing this important two-brush point singularity, Fig. 4e
and f provides a magnified portion of the photomicrographs of
PUU1 (from Fig. 4a) and PUU2 (from Fig. 4b) respectively, in which
an arrow designates the two-brush point singularity. Because of
their electrostatic interactions, the ionic groups in the domains;
this forces the soft main chains of the (PUUI and PUU2) hexyl units
to fold and form a nematic threaded like LC [13h]. Such observa-
tions of texture variations with mesogens were made by Szczepa-
niak [13i]. In PUU3 and PUU4 ðMn ¼ 29;000 and 30;000Þ
respectively, due to difference in the molecular weight and
temperature anneal cycles to coarsen the mottled the sand-like
texture. Mesophase variation is observed when the diisocyanate is
changed from aliphatic to aromatic. In the PUUs containing the
aromatic diisocyanates MDI and TDI, grain texture is observed and
in the PUUs containing the aliphatic diisocyanates HDI and IPDI
exhibits threaded texture.

In each PUU sample, a mechanical force, such as slight shearing
of the melt, caused microscopic orientation of the double axial
domain. The low viscosity, which was temporarily induced by the
slight shearing, also gives evidence for the presence of mesophases
in PUUs1–4 [1a,14]. Patterns in the effects of lateral substituents
upon the type of mesophase observed are hard to formulate, due to
the large number of variables which must be considered, such as
the structure of the mesogen and the type, size, and position of the
substitutent [12,15–17].

X-ray scattering was used to verify the existence of a liquid
crystalline phase and to confirm the nature of the phase observed
by the DSC and POM. The least-ordered liquid crystal phase is the
nematic phase [17e]. The diffractogram of the PUU1 copolymers
Fig. 3. DSC cooling traces of PUU2 (IPDI).



Fig. 4. Photomicrographs (cooling, liquid crystal texture 100�): (a) PUU1 at T¼ 130 �C, (b) PUU2 at T¼ 126.8 �C, (c) PUU3 at T¼ 110.3 �C, (d) PUU4 at T¼ 116.1 �C, (e) detail of
Fig. 4a, and (f) detail of Fig. 4b.

S.N. Jaisankar et al. / Polymer 50 (2009) 4775–47804778
(Fig. 5a) was similar to that of PUU2 shown in Fig. 5b as a repre-
sentative example. The diffraction pattern obtained from powder
samples at room temperature exhibited some sharp peak reflec-
tions in the wide angle region (2q¼ 19–25�) consistent with their
amorphous nature [17e–f]. No peak was observed in the low angle
region (see Fig. 5a–b). The location and relative intensities
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confirmed the presence of a nematic mesophase [23d]. WAXD
studies indicated that the synthesized PUU copolymers possessed
LC properties and exhibit a nematic phase [23f,g].
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[11a] and Han [18], lateral substitution results in additional
molecular twisting (a steric effect), hinders molecular packing
[19a], and depresses smectic properties greatly. This decreased
crystallization is reasonable, because the steric requirements
caused by chain periodicity inhibit crystallization markedly, and
the resulting reduced crystalline order is a characteristic of the
nematic phase [11a]. (2) Ionomeric pendants, which are attached to
the polymer backbone via hard segments (ionic incorporation),
lead to decreased crystallinity for the PUUs [5,19,20]. The presence
of sulfonate ionic groups in the PUU1–4 main chain urea segments
might be expected to depresses smectic properties in these PUUs
similarly. (3) The grain textures observed for TDI and MDI based
PUUs are similar to those previously observed for other reported
nematic mesophases [13a–c]. (4) The combination of both twofold
and fourfold brush arrangements such as those observed in Fig. 4b
and f is reported [1b,13d] to be a characteristic of schlieren texture
and typical of a nematic phase [13e–g]. The above conclusions from
previous reports in other polymeric systems indicate that this new
PUU could be a nematic LC, and additional studies exploring this
possibility are planned.

3. Conclusion

Upon cooling, each PUU described herein exhibits a liquid
crystal mesophase. Both structure and properties of each PUU
depend upon the isocyanate used in its synthesis; although PUUs1–
4 have different isocyanate precursors, all are monotropic LCs. Due
to the combination of (1) their thermotropic liquid crystal proper-
ties, (2) their low ðMnÞ molecular weights (w25,000–30,000), (3)
the presence of ionomers on their main chain polymers, and (4)
their possible lower order in liquid crystals [11a,21], these new
ionic PUU LCs could have unusual physical properties which merit
study.

4. Experimental section

4.1. Materials

4,40-Dihydroxybiphenyl, hexane-1,6-diol, 2,5-diaminobenzene-
sulfonic acid, 1,6-diisocyanatohexane (HDI), 5-isocyanato-1-(iso-
cyanatomethyl)-1,3,3,-trimethylcyclohexane (IPDI), 2,4-diisocyanato-
1-methyl-benzene (2,4-TDI), and methylenebis(4-phenylisocyanate)
(MDI) were purchased from Aldrich. All other chemicals and
solvents were of analytical grade or better and used as obtained.

4.2. Synthesis of PUUs

To obtain each polyurethane-urea (PUU), the diisocyanate was
reacted with 4,40-bis(6-hydroxyhexoxy)biphenyl (BHHBP) in order
to give the isocyanate terminated polyurethane prepolymer. The
BHHBP was obtained eq. (1) in 86% yield, by using a previously
reported method [1a]. In each of the following steps, the system
was gently purged with nitrogen. The BHHBP was dissolved in THF
and then heated to 70 �C for 30 min. A diisocyanate in THF was
added slowly in order to yield the isocyanate (NCO) terminated
polyurethane prepolymer. When the NCO content reached 5.5%, as
determined by using an n-dibutylamine titration method [22],
a solution of the ionic chain extender sodium 2,5-dia-
minobenzenesulfonate (DBS) and N-methyl-2-pyrrolidone (NMP)
in THF [22], was added slowly to the prepolymer at 50 �C. After
30 min, 0.001% of dibutyltin dilaurate (DBTDL) in THF (the catalyst)
was added. The reaction temperature was raised to 70 �C and
maintained for at least two hours until all NCO groups were reacted,
as confirmed by the disappearance of the IR absorption band at
2272 cm�1 (C]N stretch) [22]. The mixture was poured into cold
methanol, and the product was filtered and re-precipitated. PUUs
were obtained by iterating 4 times through the above solution
polymerization procedure.

4.3. Characterization of PUUs

FTIR (Nicolet Impact 400 Spectrophotometer) was used for
structural characterization of the thermotropic liquid crystalline
PUUs as KBr pellets (sample:KBr¼ 1:80). The PUUs were also
characterized by using cross polarization/magic angle spinning (CP/
MAS) 13C NMR. The 13C NMR spectrum was obtained at room
temperature by using a 300 MHz FT-NMR spectrometer (Brucker
MSL 300P). The resulting spectrum from the MAS experiment was
recorded by spinning the sample at the magic angle of 54.74� with
respect to the external magnetic field and with a spinning
frequency of 4.0 kHz, in order to avoid overlapping the spinning
side bands of other resonance lines [1d,23]. Contact time for the CP
process was 2.0 ms, and the recycle time after acquisition of the free
induction decay was 5 s [23b]. The molecular weight of each PUU
was determined by vapor-phase osmometer (VPO) (KANUER vapor-
phase osmometer), in THF solvent at 45 �C, with benzyl (Ph–CO–
CO–Ph) as standard. The textures of the LC PUUs were observed by
using a cross polarized optical microscope (POM) equipped with
a hot stage (OLYMPUS BX50 polarizing microscope, which had
a LINKAM THMS 600 heating stage and digital camera). Thermal
properties of the PUUs were determined by differential scanning
calorimetric (DSC) and by thermogravimetric analysis (TGA). Each
DSC (A Seiko SSC 5200H thermal analysis unit attached to a DSC
module) thermogram was obtained in nitrogen atmosphere at
a heating rate of 5 �C min�1. Thermal stability was also determined
by using a TG/DTA 220 module under nitrogen atmosphere, with
a heating rate of 15 �C min�1. Wide-angle X-ray diffraction (WAXD)
experiments were performed at room temperature [23d] on
powder samples using a Seifert JSO debyeflex diffractometer;
operating at 30 mA; 40 kV with Cu Ka radiation at a scanning rate of
0.02

�
s�1.
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