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Novel Polyurethane Gels: The Effect of
Structure on Gelation

Pralay Maiti,*' Ganga Radhakrishnan,* Palanisamy Aruna,®> Goutam Ghosh®

Ssummary: Novel polyurethane gels have been reported in common solvent like
dimethyl formamide (DMF). Polyurethanes have been synthesized from diisocya-
nates, diols and rigid chain extenders. We have illustrated the influence of chemical
structure of the chain extenders on gelation rate, thermal property and morphology
of the gels in DMF. Gelation rate increases significantly with the rigidity of the chain
extender. Introduction of more rigid chain extender molecules in polyurethane
prepolymer enhanced the thermal stability of the pure polymer. On the contrary,
the solvent retention power of the gels gradually decreases with increasing rigidity of
chain extender presumably because of the poor dispersion/greater aggregation of the
hard segments in the soft segment matrix. Morphology and formation of gelation

have been discussed.

Introduction

Polyurethane (PU) is a unique material that
offers the elasticity of rubber combined with
the toughness and durability of metal.
Compared to plastics, polyurethanes offer
superior impact resistance, while offering
excellent wear and elastic properties. Be-
cause urethane is available in a very broad
hardness range, it allows one to replace
rubber, plastic and metal with the ultimate in
abrasion resistance and physical properties
like shock absorber, sound/vibration dam-
pening, soft electrical insulation, weather
resistance etc. Polyurethane is a group of
polymers and can be prepared by condensa-
tion polymerization of diisocyanates and
diols (polyols) to form the prepolymers. Pre-
polymers are further polymerized in pre-
sence of another diol, so called chain
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extenders. Various types of diisocyanates,
diols and chain extenders can be used to
prepare different categories of polyur-
ethanes. The reaction between diisocyanate
of prepolymers and diol of chain extenders
constitutes the hard segments in PU and soft
segments come from the comparatively high
molecular weight of diol. PU forms multi-
phase structures owing to the thermodyna-
mic incompatibility between hard and soft
segments.!'™! Besides incorporating the ure-
thane linkages these materials contain several
other types of linkages like amide, urea, ether
and esters.”] The applicability of PU will
be more if it is possible to prepare its gel in
suitable solvent for the possible use in
biomedical and leather industries. Unfortu-
nately, commercial PUs do not form gel in
most solvents. There are two possible ways to
make PU gels 1) synthesizing through
chemical route 2) to find out suitable medium
to prepare gels. The gelation of different
polymers is of current interest due to its wide
applications. The mechanism of thermore-
versible gelation and its properties have well
been studied for past two decades.!*'% So far,
there is no report of polyurethane gel in the
literature, though PU is being used for many
applications.
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In this study we have synthesized PU
with various diisocyanates, diols and chain
extenders by two steps bulk polymeri-
zation technique. The resulted polymers
are resemble commercial ones but with
different chemical nature. Our approach
was to prepare novel PU which will
form gels in common solvents, keeping its
strength and toughness like commercial
PU. We have also varied soft segment con-
tent based on ether or ester-based diol
to study the gelation behavior. Further,
we have studied kinetics of gelation of
modified polymer as a function of chain
extender, hard segment content in different
solvents. Thermal and morphological stu-
dies have also been done and finally, we
established the plausible mechanism of
gelation.

Experimental
Materials
The segmented polyurethanes used in this

study were prepared by two-steps bulk
polymerization process. The soft segment
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Scheme 1.

was either poly(tetramethylene oxide)
glycol (PTMG, M,,=2900, Aldrich) or
polycaprolactone diol (PCL, M, = 1250,
Aldrich). The hard segment was either
hexamethylene diisocyanate (HMDI) or
4,4"-diphenylmethane diisocyanate (MDI)
or tolylene diisocyanate (TDI). MDI (pro-
cured from Aldrich) was melted at 50 °C,
the white solid was removed by filtration
and the filtrate was cooled to yield pure
monomer, which was used for further reac-
tion. TDI and HMDI were used as received
(procured from Aldrich). The chain exten-
ders were butanediol (BD), hydroquinone
(HQ), 4, 4 biphenol (BP) and 4,4 bis(hy-
droxyethyl) biphenol (HEBP). Chemical
structures of the chain extenders have been
shown in Scheme 1. The solvent used for
gelation was distilled dimethyl formamide
(DMF). HEBP was synthesized by reflux-
ing BP and bromoethenol in slight basic
medium in acetone. The reaction mixture
was poured into water, filtered and the
compound was purified by recrystallization
from ethanol.

Synthesis of polyurethanes: A mixture of
diol and and diisocyanate were taken in a

Chemical structure of different chain extenders (a) butanediol (BD) (b) hydroquinone (HQ) (c) biphenol (BP) and

(d) bis(hydroxyethyl biphenol) (HEBP).
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three necked flask fitted with a nitrogen
inlet and a mechanical stirrer. The reaction
mixture was heated at 70 °C for 3 h. Then
the reaction mixture was cooled to room
temperature, the pre-polymer was diluted
with dimethyl formamide (DMF) and the
chain extender dissolved in DMF was
added drop wise. After completion of
addition, few drops of dibutyl-tin-dilaurate
(DBTDL) in toluene solution was added
and the temperature was slowly raised to
70°C and the reaction was conducted till
the NCO peak around 2250-2270 cm '
disappeared completely when examined
with IR spectrometer. The polymer was
then precipitated by pouring the reaction
mixture into water, washed well with water
and methanol and dried under vacuum. The
amount of hard segments in PU was varied
by introducing appropriate mole fraction of
diisocyanate and diol. The GPC measure-
ments were performed on pure PU with
Waters GPC with DMF as the solvent at
70 °C. The calibration curves for GPC were
obtained by using polystyrene standards.
The molecular weight (M) of all PUs is in
the range of 2.2x10* to 2.6 x 10* with
polydispersity index between 1.2 to 1.5.
Preparation of gel: The gels were pre-
pared in test tubes by taking appropriate
amounts of polymer and solvent. They were
sealed under vacuum (10> mm) by freeze
thaw technique. They were homogenized at
80°C for 15 min and quenched to room
temperature (30°C) to prepare the gel.
Gelation kinetic study: The kinetics of
gelation was studied by using test tube
tilting method.!'''>] The gelation time (tger)
was considered as the time when no flow
occurs after the sealed tube is tilted.['"]
The accuracy of the gelation time measure-
ment was 10 s by trial and error procedure
of repeated measurements. We compared
the gelation time by using light scattering
technique (the details studies are under-
going) and it is also reflected that the
gelation time is almost the same than that
we obsered by using test tube tilting method
specially in the case of fast gelation kinetics.
Thermal characterization: Thermogravi-
metric analyses were done using TGA 951,

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Dupont, at the heating rate of 10°/min both
for solid polymers and gels to know the
decomposition temperature and solvent
retention power, respectively. Differential
Scanning Calorimetric traces were obtained
by using a differential scanning calorimeter,
(DSC 910, Dupont) at the heating rate of
5°C/min to measure the glass transition
temperature (7,) of the solid polymers.

Morphology

Transmission electron microscopy (TEM)
was used to observe the distribution of hard
segments on soft segments of PU. TEM
images were obtained using a Phillips
instrument operated at an accelerating
voltage of 100 kV. Dilute solution of PU
was poured into the carbon-coated grid and
was dried under vacuum for few days to
evaporate solvent completely.

Results and Discussions

The rate of gelation was measured by test
tube tilting method when the flow ceases.
Figure 1 shows the hard segment content
dependency on the gelation rate. For parti-
cular diol and diisocyanate, we observed
increased gelation rate for higher hard
segment content in PU. We have varied the
type of diol, in one case it is ether diol
(PTMG) and in other case it is ester-diol
(PCL). Anyway, in both the cases, we
observed higher gelation rate with increas-
ing hard segment content. If the hard
segment content is less than 20%, it does
not form gel in the time frame we observed.
The upper limit of time we observed for
gelation to occur is 50 hrs. In both ether and
ester diol, especially at high segment
content, we observed a threshold zone as
usual. Figure 2 exhibits the gelation rate as
a function of concentration of PU, where
the chemical nature of hard segment
has varied from BD — HQ — BP to HEBP.
The extent of hard segment was kept
contant (around 50%) for all PU samples.
Here, we observed the gelation rate to
increase in the order of BD<HQ<
BP < HEBP. At first sight we see that the

www.ms-journal.de



54l

Macromol. Symp. 2006, 241, 51-59
10°

(=]
o

1 1
10 15 20

C/gm.dl"

10 15 20

cl gm.dl'1

Figure 1.

Plots of gelation rate (t,;

) versus polymer concentration in DMF (a) polytetramethylene glycol, (b) poly-

caprolactone (PCL) as diol. The numbers indicate the percentage of hard segment content in the polymer. In the
both cases hexamethylene diisocyanate (HMDI) and biphenol (BP) were used for polymerization.

chemical complexity/rigidity of different
hard segment also increases in the same
order. That may provide us a first hand clue
why the gelation rate increases in that
particular order. Figure 3 compares the
gelation rate between ether and ester-based
diol, keeping the diisocyanate, chain exten-
der and hard segment content of overall PU
intact. For a particular chain extender, the
gelation rate for ether diol is higher com-
pare to ester diol but as in previous case the
gelation rate increases with the order of
BD < HQ < BP < HEBP both for ether and
ester diol. Here, the hard segment content
was kept constant for all PUs irrespective of
ether or ester diols. Thermal behaviour:

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

TGA curves (Fig. 4(a)) show the nature of
degradation of solid polymer with different
hard segment content in inert atmosphere.
The degradation starts at 250°C and the
behaviour is bimodal. It is well known
that hard segment content of PU degrades
at lower temperature compare to soft seg-
ment part. Hence, for a particular system,
with increasing hard segment concentration
the degradation occurs at much lower
temperature even though the initial decom-
position starts at almost same temperature.
Same behaviour was observed for all other
systems having different diisocyanates,
diols and chain extenders. If we vary the
chain extenders, the degradation tempera-
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Figure 2.
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Gelation rate (t_,)) versus polymer concentration in DMF showing the dependence of chemical structure of chain

gel

extender on the gelation rate. The indicated symbols are the chain extenders used for polymerization. The hard
segment content of all polymers is kept constant around 50%. The symbols are as usual used in the text.

ture increases in the order of BD <HQ <
BP <HEBP (Fig. 4(b)). With the increase
of rigidity of chain extenders the decom-
position temperature was enhanced to a
significant level, more than 100°C. TGA
experiments on gels indicate that solvent
molecules goes off first and finally the
polymer degrades at the same temperature
in which solid PUs start degrading. But the
solvent molecules evaporate first for most

rigid chain extender and the order of
solvent retention power is HEBP < BP <
HQ (Fig. 4c).

Figure 5 represents the DSC traces for
the PUs polymerized with different chain
extenders but the hard segment content was
kept constant at 50%. Here we observed
that glass transition temperature (7)
increases in the order of HEBP < BP <
HQ < BD, the reverse trend of gelation
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Figure 3.
Plot of gelation rate (t,

Cc/gm.dr’

) versus polymer concentration in DMF. The effect of two different diols (PCL and PTMG)

on gelation rates. The open symbols are for the polymers containing PCL as diol and filled symbols are for the
polymers having PTMG as diol. Different chain extenders are mentioned with the diol. The hard segment content
of all polymers is kept constant around 50%.
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TGA curves of different PUs, (a) pure polymers with different hard segment content PU, (b) pure polymers with
various chain extenders and hard segment was kept constant at 50% and (c) solvent retention power of gels, PU

with different chain extenders.

rate. On the contrary, for a particular chain
extender T, increases with increasing hard
segment content (not shown in the figure).

It is well known that commercial PUs do
not form gels. We have tested some of PU
available (Bayer’s PU) in the market but
they do not form gel in any solvents we have

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tested including DMF. Commercial PUs
are made of TDI or MDI as diisocyanate,
PTMG / PCL as soft segment and mostly
BD as the chain extender. We took simple
HMDI as diisocyanate and rigid chain
extenders like BP and HEBP. Fortunately,
with modified rigid chain extenders, PU
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Figure 5.

DSC curves for solid polyurethanes containing differ-
ent chain extenders as mentioned in the figure. The
hard segment content of all polyurethanes is kept
constant around 50%.

forms gel in DMF. We have also synthe-
sized PU with MDI or TDI as diisocyanate
and BP or HEBP as chain extenders. Still
they also do not form gels in DMF.
Apparently, HMDI along with rigid chain
extenders are mainly responsible for the
formation of gels in solvent like DMF. Most
of the synthesized PU have molecular
weight in the range of 2.5 x10% so the
effect of molecular weight is nullified and in
fact the commercial PUs have higher
molecular weight compare to synthesized
PUs.

Figure 6.

The molecular reason for the formation
of hard segment, so called segmented PU, is
because of the intermolecular interaction
through hydrogen bonding (H-bonding)
and this region is often agglomerated and
crystallized in solid polymer too. The gela-
tion rate of PU was increasing with hard
segment content both for ether and
ester diols. The hard segments are mainly
responsible to make physical crosslinking
point or junction through which networking
or formation of gel is enhanced. Further-
more, if we increase the rigidity or the
length of chain extender, say from BD to
HEBP, there may be two possibilities
1) extent of formation of H-bonding and
2) the overall length of segmented zone.
Anyway, PU with BP or HEBP as chain
extender has got better segmented zone
and as a result produces gel within short
period of time compare to PU having BD or
HQ as chain extender. This will be more
clear when thermal or solvent retention
power of gel will be discussed. For a parti-
cular system of diisocyanate and chain
extender, PU with ether diol (PTMG) has
higher gelation tendency vis-a-vis ester diol
(PCL). Ester linkages in PCL are more
polar, as compared to ether group in
PTMG, and reside only in soft zone in
PU and therefore, interact with solvent

(b)

TEM bright field images of polyurethanes with (a) BD and (b) HEBP as chain extender, showing the distribution of

hard segments over soft segments.
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throughout the entire chain as a competi-
tive process. While in PTMG, the interac-
tion occurs only through hard segment zone
as result, formation of gel is bit faster in
PTMG case.

Thermal degradation behaviour of PU is
bimodal and low temperature degradation
corresponds to the decomposition of
hard segments and second step degradation
is due to the decomposition of soft
segments.[m’zl] As the rigidity of the chain
extender increases from BD to BP or
HEBP, maintaining the hard segment
content constant, then PU chains become
stiffer, as a result thermal decomposition
temperature increases. On the contrary, the
solvent rentention power decreases with
the rigidity of the chain extenders. To have
a look into that we conducted TEM
experiment for PU with BD and HEBP
as chain extenders. It is very clear from the
micrographs (Fig. 6) that in BD, the hard
segmented zone are small and dispersed
into the soft segment part. On the other
hand, in HEBP, the hard segments are
obviously large but quite separated from
each other. As in BD case the hard seg-
ments are distributed nicely and the solvent
has less chance to go out under thermal
treatment while there are enough space
between the hard segmented zone in
HEBP, and hence, solvent can move easily
through those channels. With the help of
this morphological behaviour we can
explain why the 7, of HEBP is lower than
that of BD system. Soft segmented zones in
HEBP or any other stiffer configuration of
chain are enough large and can relax easily
at low temperature, while in BD case, hard
segment zones are dispersed nicely and
make the whole system a rigid one and thus
T, of BD is the highest amongst other
chain extenders and follow the order of
BD >HQ > BP > HEBP.

Conclusions
We have synthesized novel polyurethanes

with different kinds of chain extenders such
as biphenol and bis(hydroxyethyl biphenol)

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

using hexamethylene diisocyanate and
polytetramethylene or polycaprolactone
as soft segments. The modified polyur-
ethanes form gels in common solvent like
dimethyl formamide. The gelation kinetics
have been measured which exhibit higher
gelation rate for the polyurethane containg
more rigid chain extenders. The thermal
property improves with the rigidity of the
chain extenders. The solvent retention
power of polyurethane having rigid chain
extenders decreases slightly as the gap
between the hard segments increases. The
glass transition temperatures also follow
the same trend. We shed light onto the
morphology and formaton of gel in solvent,
providing a suitable mechansim.
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