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ABSTRACT

A set of segmented polyurethanes (PU) differing in the hard-segment
structure was saturated with solvents and after the equilibrium saturation
was reached, put to temperature-dependent SAXS investigations. The
time-resolved mode of SAXS measurements with a linear increase of
temperature from —70°C to +70°C, i.e., within the temperature range
between T, of soft and hard segments, was applied. The order-order
transition leading to a greater degree of order was found at higher tem-
peratures for almost all systems investigated. Some of the PUs exhibit two
kinds of microphase separated domains. The results obtained are discussed
with respect to the mean-field theory of copolymers and Koberstein and
Stein model for hard microdomain structure in PUs, and correlated with
temperature dependence of membrane permeability in pervaporation
process.

*Corresponding author. E-mail: inbox@karboch.gliwice.pl
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INTRODUCTION

In a block copolymer a macromolecular chain consists of extended
sequences of more than one type of monomer units. The component blocks
are usually thermodynamically incompatible to different degrees and show
the tendency for microphase separation to take place. Theoretical descrip-
tion of thermodynamic behavior of such systems was made by Leibler,
who used the mean-field theory. He calculated a phase diagram for molten
diblock copolymers showing that they can undergo weak first-order tran-
sitions from the disordered phase into microphase-separated phases of or-
dered domain structure. The domains can be of lamellar, cylindrical
or spherical type. In the SAXS technique, the structure factor of diblock
copolymers is characterized by a peak at a scattering momentum q*, where
q=4mnsin ® /L. The scattered intensity at the peak: q=q*, S(q*), represents
the order parameter of the system and S(q*)"' oy, where y is the Flory-
Huggins segmental interaction parameter, which changes linearly with T~
The Leibler theory was supplemented by Fredrickson and Helfand® who
incorporated effects of thermal fluctuations into it. These thermal fluctua-
tions are especially strong near the critical point of phase decomposition or
at the ordering temperature. For diblock copolymers the susceptibility is
related to S(q*), whose analysis yields thermodynamic parameters: the
phase-transition temperatures and Flory-Huggins interaction para-
meters.>* The schematic phase diagrams include a homogeneous part at
higher temperatures and two-phase region at lower temperatures, below the
binodal temperature. The experimentally observed phase transitions of
block copolymers show, however, a complexity far beyond theoretical ap-
proximations.

Temperature effected structural changes of copolymers in nonselective
good solvents have been described in the same way, but after a proper
modification of the effective interaction parameter .

The aim of this work was to elucidate structural changes observed for
polyurethane/solvent systems as a function of temperature. The poly-
urethanes (PU), regarded as multiblock copolymers, constitute an important
group of copolymers with wide applications, produced industrially on a
substantial scale. Therefore, their thermal behavior and morphology have
been studied intensively for many years.”~ The PUs seem also to be pro-
spective membrane materials for various liquid separations, as it has ap-
peared from the studies performed. recently!'®!'" Thus, the results presented
here can also be interesting from a membrane separation standpoint.
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EXPERIMENTAL

Materials and Characteristics

The PUs studied in this work were composed of the soft segments
derived from poly(oxytetramethylene)diol (PTMO) of a molecular weight of
1000 and the hard segments formed from 2,4-tolylene diisocyanate (TDI)
and a chain extender in the molar ratio of 4:3. The structural variation
introduced into the polymer chain concerned the hard segments and
came from various chain extenders used in the polymer synthesis like: 4,4'-
diaminodiphenylmethane (PP), ethylenediamine (EDA) or 4.4-bis
(2-hydroxyethoxy) biphenyl (BH). The investigated polymers were synthe-
sized by a prepolymer procedure in DMF solution according to a method
describe earlier.'” The basic characteristics of the obtained polymers are
given in Table 1.

Films of the thickness of about 0.3 mm were obtained by casting 15%
DMF solution of the polymer onto a glass plate and by evaporating the
solvent in an oven. The densities of the materials were measured by buoyancy
in water. Differential scanning calorimetry was carried out using a Rheo-
metric Scientific DSC Plus apparatus at a heating rate of 10°/min. Molecular
weight determinations were performed using gel-permeation chromato-
graphy (GPC). The measurements were carried out in DMF at 80°C with
Knauer apparatus, based on polystyrene standards.

The sorption experiments were performed at 25°C by placing the PU
samples in solvent. The liquid uptake was monitored gravimetrically until
equilibrium weight was attained. The sorption equilibrium values (Table 1)
were determined as the mole uptake of liquid per 100 g of dry polymer sample.

Permeation experiments were performed using a standard pervapora-
tion set-up. The down-stream pressure was 150 mm Hg and the permeate was

Table 1. Compositions and Physical Properties of PUs

Sorption

Calculated Equilibrium
Hard Values

Molar Segment  Mass Molecular T, (mol/100 g)

Composition Content Density Weight® SS* Benzene

Polymer 1/4/3 (Wt%)  (g/em®) (g/mol) My/M, (°C) Ethanol
PP PTMO/TDI/PP 56 1.167 35,300 1.6 —46 085 0.74
EDA PTMO/TDI/EDA 47 1.142 - — —45 0.76 1.07
BH PTMO/TDI/BH 60 1.151 46,200 2.7 —49 0.59 045

T, HS>100°C from DMTA measurements.
*DSC, 10°/min.
> GPC, polystyrene standards.
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collected in a trap cooled by liquid nitrogen. The permeation rate, expressed
as normalized flux F [kgum/ m°h], was determined from the variations in the
condensate mass with time and recalculated for a standard (1 um) membrane
thickness.

SAXS Measurements

The SAXS measurements were carried out at the Austrian SAXS
beamline of the synchrotron ELETTRA, Trieste, Italy. The beamline is
mainly dedicated to time-resolved studies of fast structural transition in non-
crystalline systems. A high power wiggler was used as the beamline source. A
linear gas-filled detector registered the SAXS intensity simultaneously in the
whole range. Due to primary beam collimation system, no desmearing cor-
rection was needed.

The samples for SAXS measurements were saturated with solvent
(benzene or ethanol), and after the equilibrium saturation was reached
inserted rapidly into quartz capillaries which were then sealed and put in the
Oxford Cryostream System. All measurements were carried out in the trans-
mission mode in the temperature range from —70°C to +70°C, at the heating
rate of 1°/min. The measurement data were subjected to a preliminary
treatment using the OTOKO program. The Lorenz correction of the all
SAXS data was made by multiplying I1(q) by q*.

RESULTS AND DISCUSSION

The segmented PUs studied in this work were composed of poly(oxy-
tetramethylene)-based soft blocks of M, =1000 and various hard blocks
consisting of the three (TDI-Chain extender) repeat units. The structural
variation introduced into the macromolecular chains concerned the kind of a
chain extender and enabled PUs of different physical properties to be pre-
pared (Table 1).

The sorption capacity of the synthesized polymers is one of the prop-
erties relevant to the present studies. The data listed in Table 1 show that the
sorption abilities of the both poly(urea-urethane)s, aromatic PP and aliphatic
EDA are higher than that of the aromatic polyurethane BH. There are also
some differences in the sorption equilibrium values for the PP and EDA
polymers. However, the expected slightly higher values for EDA because of
its lower calculated hard segmented content, and therefore increased area
available for penetrating solvent molecules, can only been observed for
EDA /ethanol system. Since hard domains act as physical crosslinks and
fillers for the PU matrix, the observed sorption capacity differences may be
attributed to the morphology of the investigated PUs. The creation of a
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domain morphology and the tendency of some PUs to become organized is
well known and results from the thermodynamic incompatibility between
hard and soft segments. A lamellar or pseudolamellar composite of hard and
soft phases is visible as a peak at the SAXS patterns. All PUs studied in this
work show a peak in their SAXS data, in contrast to the PUs investigated by
us previously.'” However, this peak is broad (Fig. 1) suggesting the poly-
dispersity in the hard segment length that is a common feature of the seg-
mented PUs.["~]

In the sequence: BH, PP, EDA, the peak position shifts to higher q*
(39nm~', 77nm~', 92nm™', respectively), i.e., to lower segment length
(9.2nm, 7.7nm, 5.9nm, respectively), that was expected considering the
structural differences between the chain extenders used. However, the shift is
small compared to the relatively large width of FWHM of each peak, espe-
cially for EDA and BH.

The thermal behavior of the PU/solvent systems at the equilibrium
saturation was studied in the temperature range from —70°C to 4+70°C, i.e.,
below Tg of the hard segments and presumably above Tg of the soft seg-
ments, expected to be located below Tg of the dry PUs listed in Table 1.

b)

Intensity ( arb.un.)

I

0.5 1.0 15
q [nm™]

Figure 1. SAXS patterns for dry PUs: a) EDA; b) PP; ¢) BH.
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Indeed, the DSC traces of the investigated systems showed no Tg transitions
in the low temperature region down to —120°C. Plots of representative X-ray
scattering intensity versus reciprocal spacing (q) as a function of temperature
for various PU /benzene systems are presented in Fig. 2.

For each of the systems investigated, an increase of temperature induces
a significant change in the SAXS pattern revealed as a leap in intensity, 1(q),
and also as a slight change in the peak position, q* (Table 2), indicating an
order-order transition (OOT).

Above the OOT, the peak intensity is much higher than below this
transition, which is a rather unusual feature because the mean-field theory of
copolymers,! ! along with its further supplements predicts an inverse be-
havior. For a block copolymer solution in a nonselective solvent, the struc-
tural factor, S(q), is:

S(@)™" = 2¢/IN)(F(q) — 2zN) (1)

where | —is the segment length, ¢ —is the copolymer concentration in solvent,
F(q) is the function of radius of gyration and composition, and y — is the
effective interaction parameter, which here expresses interaction between all
three pairs of components. In this formula, only y is temperature dependent
and acts on decreasing S(q) with temperature. The SAXS intensity, I(q), can
be treated as being proportional to S(q). Therefore, it can be said that the
SAXS peak intensity, 1(q*), is generally decreasing if temperature
is increasing. The observed increase in the SAXS intensity for the PU /benzene
systems, can probably be elucidated as a refinement of the poorly developed
initial morphology, but an open question is why it is visible as OOT.

The SAXS patterns from Fig. 2 and the data given in Table 2 show that
the peak position, g*, slightly moves towards lower q if the temperature in-
creases. After the Toor is reached, the further shift is less pronounced. Ac-
cording to the mean-field theory, an inverse direction of the q* changes can be
expected as a function of temperature. However, polyurethanes are a class of
copolymers with a large segment length polydispersity that strongly affects the
SAXS peak position. The conception of the selective segregation of the blocks
of a specific length has been developed by Koberstein and Stein!” to illustrate
microphase separation of the hard segments. Therefore, upon increasing y,
i.e., decreasing T since y ~a+bT !, the peak position, q*, is anticipated to
increase slightly due to the microphase separation of the successively shorter
blocks (13). On the other hand, a decrease in q* and a more narrow shape of
the peak can be awaited as a result of chain stretching in the block copolymers
at high incompatibility, or if a poorly developed morphology is refined upon
heating. Despite the SAXS patterns variations at OOT described above, no
real change in the kind of ordering has been observed for the systems in-
vestigated. The similar results found for other block copolymers are inter-
preted as the composition fluctuations in the disordered state.
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Figure 2. SAXS patterns as a function of temperature for PU/benzene systems a) EDA,
b) PP, ¢) BH.
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For the two systems, PP/benzene and EDA /benzene, a small second
peak is visible on the right side of the main one (Fig. 2 and Table 2). Contrary
to the transformations at OOT concerning the main peak, the position and
intensity of the second peak are almost unchanged during the temperature
treatment. In the case of the PP system, the position of the second peak is
comparable to the position of the main peak of the dry sample. A similar
effect has been observed by us previously for one of the PUs saturated with
benzene,!'¥ the chemical constitution of which was analogous to PP but of
other proportion of the hard and soft segments. This result can suggest that a
domain structure already existing in the dry material is to some extent pre-
served during saturation, and then during heating, i.c., this structure is im-
penetrable for solvent. A comparable two-type domain microstructure can
also be assumed for the EDA system; however, the position of the second
peak is not equal to the average position of the very broad oval of the SAXS
curve of the dry sample (Fig. 1), but is involved in this oval shape very well.
On the other hand, a one-type domain microstructure can be suggested for
the BH system due to the lack of any additional peak in its SAXS patterns
(Fig. 2). Thus, an existence of the two types of domain structures in PUs in
the presence of solvent depends on the hard segments molecular structure
and may be a specific feature of the polyurethanes with urea bonds (PP, EDA
vs. BH). Similar, though somewhat less pronounced, SAXS changes as a
function of temperature and PU structure have been found for the
PU/ethanol systems (Fig. 3).

Precise values of the OOT temperatures given in Table 2 were de-
termined from the discontinuity at the OOT transition of the I(q* )" vs. T™!
and q* vs. T~' graphs (Fig. 4).

The character of these correlations, i.e., the inverse direction of the
curves and their non-linearity demonstrates the departure from the mean-
field theory.

It can be seen from Table 2 that the OOT temperature values are in-
fluenced by both the type of solvent and the structure of PU. The OOT
temperatures for the PU/benzene systems, which are close to the melting
temperature of benzene, increase by 20°C for the corresponding PU /ethanol
systems. The OOT temperature difference with respect to the kind of PU is
much lower, 5°C, and shows again the differentiation between the poly(urea-
urethane), PP or EDA, and the polyurethane, BH. It should be noted that
there is no appreciable change in the SAXS scattering intensity as a function
of temperature for the dry PUs.

Thus, the SAXS data presented here reveals the ability of the
investigated PU /solvent systems to change their microphase separation and
the ordering degrees with temperature, though not to change the kind of
ordering. The temperature effected structural transformations depend on
both the polymer molecular structure determining the amount of hydrogen
bonding, and the kind of solvent. Since the microstructure of the
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Figure 3. SAXS patterns as a function of temperature for PU/ethanol systems; a) EDA;
b) BH.

system acting as a semipermeable barrier for the permeating molecules is one
of the most important factors governing the transport behavior, the
structural changes observed should also be accompanied by the appropriate
changes in the permeation data. The effect of temperature on the
permeation flux for one of the PU/solvent systems investigated is shown in
Fig. 5.

The permeation flux generally increases with increasing temperature.
However, when plotted as Arrhenius relation, the experimental data can be
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Figure 4. Inverse peak intensity I(q*) and peak position q* vs. 1/T; a) BH/ethanol;
b) EDA /benzene.

fitted by the two different regression curves. The activation energy values, Ep,
evaluated from the slopes of the both plots are found to be 20.7 kcal /mol for
the lower temperature interval and 6.9 kcal/mol for the temperatures above
22°C. The smaller activation energy of the permeation process at higher
temperatures suggests that there is a significant change in the membrane
microstructure which makes the mass transport through the membrane ea-
sier. It coincides very well with the results of the SAXS measurements, de-
monstrating the structural transition (OOT) to occur at the similar
temperature. Moreover, both the SAXS and permeation data allow the
conclusion to be made that the ordered structure developed upon heating
enables the transport of small molecules to proceed more freely. The ob-
tained results correspond also to our previous observations concerning the
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Figure 5. Effect of temperature on the permeation flux of ethanol through the BH-based
membrane.

correlation between the structure and the degree of ordering of the
PU/solvent systems with PUs of various molecular structure and the per-
meation rate through these polymers.!'!

CONCLUSION

Structural transformations (OOT) into more ordered structures upon
heating observed for PU /solvent systems are unusual and inconsistent with the
mean-field theory. These transformations depend on the polymer molecular
structure and the kind of solvent, and have not been found for the dry PUs.

There is no real change in the kind of ordering at OOT, so the structural
transformations are probably caused by composition fluctuations.

The change of q* position for the PU/solvent systems vs. temperature
strongly confirms the Koberstein and Stein conception of selective segrega-
tion of the blocks of a specific length.
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The second microphase is observed for the poly(urea-urethane)/solvent
systems. This microphase also exists in a dry material and is unchangeable
upon heating.

There is a drop in the activation energy value of the permeation process
through the PU membrane when passing the OOT temperature.

The ordered structure of the PU/solvent systems developed upon
heating enable the transport of small molecules to proceed more freely.
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