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ABSTRACT: The temperature dependence of the microstructure in a polyurethane cationomer, with an 
ion content of 0.47 mequivlg, is investigated using small-angle X-ray scattering (SAXS) studies and 
dynamic viscoelastic measurements. Both techniques indicate considerable microphase mixing occurs 
in the melt, with the SAXS invariant and dynamic storage modulus decreasing abruptly near the onset 
of melt flow at  approximately 85 "C. Although the trends are qualitatively similar to those observed at 
the microphase separation transition (MST) in conventional polyurethanes, the presence of a MST cannot 
be stated conclusively since some level of the heterogeneous lamellar morphology persists to the highest 
accessible experimental temperature of 150 "C. 

Introduction 
In the preceding paper,l results of FTIR temperature 

studies suggested that the specific interaction respon- 
sible for the substantial increase in mechanical proper- 
ties of the title polyurethane (PU) cationomers is an 
interchain hydrogen bond between the urethane N-H 
group and the neutralizing anion of the trialkylammo- 
nium group. Further, we proposed that the viscous flow 
transition in dynamic mechanical thermal analysis was 
directly related to the observed shift in N-H bonding 
from the anion to urethane carbonyls a t  elevated 
temperatures. Our earlier investigation of these same 
PU cationomers showed that the unquaternized precur- 
sor polymer is essentially a homogeneous material.2 
This raises the obvious question: If hydrogen bonding 
between N-H groups and anions is the primary driving 
force for microphase separation, and the number of 
N-H to anion bonds diminishes at elevated tempera- 
tures, then do the PU cationomers pass through a 
microphase separation transition (MST) at  tempera- 
tures near the onset of viscous flow? 

The MST or order-disorder transition has been 
extensively studied in diblock and triblock copolymers. 
Various experimental techniques such as small-angle 
X-ray scattering ( SAXS),3-11 differential scanning calo- 
rimetry (DSC),12J3 and melt r h e o l ~ g y l ~ - ~ ~  have been 
used to distinguish between homogeneous and hetero- 
geneous morphologies. In spite of their commercial 
importance, far fewer investigations of the MST have 
been reported for segmented polyurethane elastomers. 
Using a combination of SAXS and DSC, Koberstein and 
c o - w o r k e r ~ ~ ~ , ~ ~  concluded that the onset of microphase 
mixing in polyurethanes with hard segments of 4,4'- 
diphenylmethane diisocyanate (MDI) and butanediol 
(BD) was at temperatures below the melting point of 
the microcrystalline hard domains (Tm). Isothermal 
crystallization below the apparent MST temperature 
(TMST) occurred within the confines of existing hard 
domains, since microphase separation preceded crystal- 
lization. At temperatures between TMST and Tm, hard- 
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segment crystallization took place from a homogeneous 
melt.23 Koberstein and Galambos also investigated the 
origin of multiple melting endotherms in this material.24 
Simultaneous SAXS-DSC experiments and wide-angle 
X-ray diffraction profiles at various temperatures sug- 
gested that the endotherms were associated with dis- 
tinct crystal populations of different melting points. 
Since the melting occurred at temperatures above TMST, 
melted hard-segment material at each endotherm spon- 
taneously mixed with the soft microphase. The onset 
of microphase mixing was indicated in SAXS results by 
a drastic decrease in the invariant over a temperature 
range of 30-40 "C, and a coincident sharp increase in 
the long period, with complete disappearance of the 
interference peak above Tm,23324 Almost identical ob- 
servations were reported by Chu and co-workers in 
SAXS temperature studies of a similar polyurethane 
with MDI/BD hard segments.25 In a separate study, 
they also used SAXS to measure the kinetics of struc- 
ture development in segmented polyurethanes quenched 
from the homogeneous melt to temperatures below 
T M S T . ~ ~  Ryan et al. examined the order-disorder tran- 
sition in a multiblock polyurethane with amorphous 
hard domains.27 Like the polyurethanes with semicrys- 
talline hard segments, SAXS profiles of the amorphous 
PU showed a sharp decrease in the invariant as the 
temperature increased through the MST, with a cor- 
responding abrupt change in the Bragg spacing. Also, 
rheological experiments showed that the low-frequency 
shear storage modulus decreased by roughly 1 order of 
magnitude as the temperature was increased through 
the MST, with less temperature dependence above and 
below the transition. 

In the present work, the prospect of a MST in 
polyurethane cationomers was investigated using SAXS 
and rheological techniques. Since the experimental 
temperature range was limited by dequaternization, 
MST studies of a segmented PU with semicrystalline 
hard domains and a binary mixture of diblock copoly- 
mers were used for comparison. 

Experimental Section 
Two polyurethane cationomers, with ion contents of 0.47 and 

0.88 mequiv/g and a nominal hard-segment content of 50%, 
were used in the present study. The soft segment for both 
polymers, the structures of which are shown in Figure 1, is 
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Figure 1. Chemical structures of the polyurethane cationomers. 

Table 1. Extent of Dequaternization As Measured by 
Weight Loss and Iodine Content 

% dequaternization 
temp" ("C) % I- % wt loss I- basis wt basisb 

initial 11.87 
110 11.50 0.8 3 5 
145 10.77 3.8 9 25 
180 4.53 15.9 60 110 
3 h in dry nitrogen. Assumes Hoffmann-type elimination. 

poly(tetramethy1ene oxide) (m0, M,, = 990). Hard segments 
of the two materials are comprised of MDI chain-extended with 
either 3-(trimethylammonio)-l,2-propanediol iodide (=I) or 
a mixture of TMPI and 3-(dimethylamino)-l,2-propanediol 
(DMP). The cationomers were prepared via a two-step po- 
lymerization in NJV-dimethylacetamide (DMAc) as described 
previously.2 Samples are denoted M-###, where ### is the 
mole percent of TMPI as chain extender. To prepare samp- 
les for infrared spectroscopy, the cationomers were solu- 
tion cast from anhydrous DMAc (Aldrich). Most of the solvent 
was evaporated with dry air at  50 "C; residual solvent was 
removed by placing the samples in a vacuum oven at  50-55 
"C for 4 days and then at  room temperature for 1-3 days. For 
X-ray scattering temperature studies and rheological measure- 
ments, the cationomer M-50 was compression molded into 
circular disks (25 mm diameter) at 130 "C and 60 MPa for 4 
min. 

Infrared Spectroscopy. Samples for infrared analysis 
were cast directly onto sodium chloride windows from a 1% 
(w/v) solution of the cationomer in DMAc. Film thicknesses 
were adjusted such that the maximum absorbance of any band 
was less than 0.7 to be conservatively within the absorbance 
range where the Beer-Lambert law is valid.28 Spectra were 
acquired on a Mattson Model GL-5020 using a MCT detector 
at a resolution of 2 cm-l; a minimum of 64 scans were averaged 
for each spectrum. Samples were heated to elevated tempera- 
tures in a dry nitrogen atmosphere by placing the polymer/ 
NaCl sample in a well-insulated homemade temperature cell 
with resistance heaters and NaCl windows. The temperature 
was measured at the surface of the sample and was controlled 
to within 0.5 "C using a proportional-integral-derivative 
(PID) controller tuned to eliminate overshoot. All spectra were 
corrected for extraneous background absorbance and normal- 
ized for differences in sample thickness according to protocol 
described previously.' 

Small-Angle X-ray Scattering (SAXS). Scattering pro- 
files were collected using a Kratky camera with a Braun Model 
OEDdOM linear position sensitive detector. Cu Ka X-rays 
(wavelength I = 1.54 A, E = 8042 eV) were generated by an 
Elliot GX-21 rotating anode, with KB radiation attenuated by 
nickel foil. For optimal signal-to-noise, the sample thickness 
t was selected such that the product p t  was approximately 
equal to one, where p is the absorption coefficient at 8042 eV. 
The cationomer M-50 was molded into an annular brass ring 
of the appropriate thickness and covered on both sides with 
high-temperature Kapton tape to minimize thickness changes 
associated with viscous flow at  elevated temperatures. SAXS 
patterns were obtained at elevated temperatures by heating 

Table 2. Dequaternization As Indicated by Changes in 
the N-H Stretching Vibration 

M-100 M-50 
tempn detectableb detectableb 
("C) E dequaternization 6 dequaternization 
130 0.997 no 0.998 no 
140 0.998 no 0.999 no 
150 0.984 marginal 0.999 no 
160 0.983 marginal 0.999 no 
170 0.868 Yes 0.986 Yes 
180 0.776 Yes 0.938 Yes 
a 20 min in dry nitrogen. See text for criteria. 

the sample in a home-built heating cell, with the sample held 
at the target temperature for 30 min prior to data collection. 
Two resistance temperature detectors measured the tempera- 
ture on either side of the polymer, and control of fl "C was 
provided by a PID controller tuned to eliminate overshoot. 
Both t and p t  were determined before and after each SAXS 
profile to monitor possible sample flow and dequaternization 
at  elevated temperatures. 

Scattering patterns were corrected for parasitic scattering, 
sample transmittance, the Kapton windows, and detector 
sensitivity and linearity along the wire. A dead time correction 
was not warranted since total count rates were less than 200 
s-l. Channel-to-angle calibration was determined with a 
cholesterol myristate sample, and all intensities were adjusted 
to an absolute basis using a previously calibrated Lupolen 
standard. SAXS patterns were desmeared according to  the 
iterative procedure of Lake.29 All data are reported as UIeV 
versus q,  where Z is the measured intensity, Z, is the scattered 
intensity h m  a single electron, and Vis the scattering volume. 
The scattering vector q is equal to 4 JC sin 011, where 20 is the 
scattering angle. In our previous SAXS studies of PU cat- 
ionomers, a sample-to-detector distance of about 60 cm was 
used.2 In the present study, the sample-to-detector distance 
was decreased to approximately 38 cm to obtain adequate 
counts in less time. Although the shorter distance also 
increased the experimental range of q,  all profiles were 
truncated at  q = 2.5 nm-l for consistency with the earlier 
study. Subtraction of background scattering, determination 
of the one-dimensional Bragg spacing, and calculation of the 
invariant were as formerly detailed.2 

Measurement of Dynamic Viscoelastic Properties. 
The dynamic storage modulus G and loss modulus G were 
determined in a nitrogen atmosphere using a Bohlin VOR melt 
rheometer in the oscillatory shear mode at  temperatures of 
60-150 "C. Sample geometry was defined by 25-mm-diameter 
parallel plates a t  a gap of approximately 0.5 mm; the gap 
dimension was corrected for thermal expansion of the ap- 
paratus. Measurements were obtained as isothermal fre- 
quency scans, at increasing angular frequency w from about 
0.01 to 100 rads.  Each isothermal scan was conducted at  a 
fixed strain amplitude, well within the linear viscoelastic 
regime, with strains ranging from 0.05% at  60 "C to 9% at  
150 "C. 
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Figure 2. FTIR spectra of M-100 in the N-H stretching region before and after 20 min of heating at (a) 130, (b) 140, (c) 150, (d) 
160, (e) 170, and (0 180 “C. 

Results and Discussion 
Thermal studies of any polymer system can be 

jeopardized by decomposition, and the ammonium groups 
of cationomers are particularly susceptible. The extent 
of dequaternization is clearly a function of both time 
and temperature. However, as opposed to  performing 
a full kinetic study, we chose to determine only the 
upper temperature at which dequaternization would not 
significantly affect results. For a rotating-anode X-ray 
source, data collection times of 2-4 h were anticipated 
at each temperature. The percent dequaternization that 
might occur during SAXS measurements was estimated 
by heating thin polymer films (0.2 mm) in a nitrogen 
atmosphere for 3 h. Results of the test for the cationo- 
mer M-100 are given in Table 1, where the percent 
dequaternization was defined according to weight loss 
and the elemental iodine content (Galbraith Laborato- 
ries). For calculations based on the percentage weight 
loss, a Hofiann-type elimination was assumed in 
which hydriodic acid and trimethylamine are the elimi- 
nation products. Charlier e t  a l .  found that this mecha- 
nism was the most likely mode of degradation in 
telechelic polystyrenes with quaternary ammonium end 
groups.3o Two points can be readily inferred from the 
results of Table 1. First and most importantly, the 
upper temperature limit for SAXS experiments will be 
somewhere in the range of 110-140 “C. We have 
implicitly assumed that a few percent dequaternization 
will not significantly alter the cationomer morphology. 
Secondly, an additional mechanism(s) of degradation is 
evident since levels of dequaternization calculated from 
weight loss were always greater than levels determined 
from iodine content, and the Hof€mann-type elimina- 
tion has the maximum theoretical weight loss of de- 
quaternization. Results suggest the second type of 
degradation occurs at temperatures as low as 110 “C. 
Some mode of degradation catalyzed by the hydriodic 
acid eliminated during dequaternization is likely, since 
polyurethanes typically show much better thermal 
stability. 

Although a few percent dequaternization is tolerable 
in SAXS studies, this is not true for rheological experi- 

ments where subtle transitions in viscoelastic properties 
are being investigated. If we want to define experimen- 
tal conditions where essentially no dequaternization 
occurs, the weight loss and elemental analysis methods 
of quant@ing dequaternization are not accurate enough. 
However, our previous investigation suggested that the 
N-H stretching region of infrared spectra was very 
sensitive to even small levels of dequaternizati0n.l The 
following procedure was developed to determine the 
upper temperature limit for rheological experiments. 
The cationomers were heated in a nitrogen atmosphere 
from room temperature to some elevated temperature 
in 2-3 min, held at that temperature for 20 min, and 
then cooled back to room temperature in 5-7 min. 
FTIR spectra were recorded before and after heating 
and compared to determine if the process was reversible. 
In addition to looking for qualitative differences in the 
spectra, before and after spectra were compared math- 
ematically. If we assume that the after spectrum can 
be “mapped” onto the before spectrum with an offset 
constant B and multiplication factor M according to eq 
1, 

then the linear least-squares fit of the absorbances A 
over all wavelengths Y yields a correlation coefficient E 
that quantifies the similarity in shape of the spectra 
before and after heating. The constant B eliminates the 
effect of slight differences in baseline subtraction, while 
M adjusts for small errors in normalization for sample 
thickness. 

Correlation coefficients for both cationomers at tem- 
peratures from 130 to 180 “C are given in Table 2, with 
the before and aRer spectra of the N-H stretching 
region displayed in Figure 2 for M-100 and Figure 3 for 
M-50. At least 12 samples of each cationomer were 
correlated to each other prior to heating. Sample-to- 
sample comparisons of M-100 all gave values of E greater 
than 0.990, and greater than 0.995 for M-50. These 
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Figure 3. Same as Figure 2, except sample is M-50. 

values were used as the criteria to determine if before 
and after spectra at a given temperature were "identi- 
cal". Heating for 20 min at 170 "C and higher clearly 
resulted in irreversible changes to the N-H stretching 
region of both cationomers. At temperatures at or below 
140 "C, the process for both cationomers appears fully 
reversible. The heating of sample M-100 to tempera- 
tures between 150 and 160 "C was only slightly ir- 
reversible as evidenced by a subtle convergence of before 
and after spectra around 3350 cm-l and correlation 
coefficients just below 0.990. For sample M-50, values 
of E would imply reversibility at 150 and 160 "C. 
However, the subtle convergence around 3350 cm-l 
described for M-100 was also evident for sample M-50. 
Baaed on these results, a maximum temperature of 150 
"C was selected for dynamic viscoelastic measurements. 

Results of the brief dequaternization study also sug- 
gested that further investigation of the MST for the 
cationomer M-100 would be fruitless, since experiments 
in the temperature regime of viscous flow would be 
compromised by dequaternization. However, the upper 
transition in dynamic mechanical thermal analysis of 
sample M-50 is only around 85 "C.2 A "temperature 
window" therefore exists, between the onset of viscous 
flow and the experimental temperature limits defined 
by dequaternization, where a homogeneous melt might 
be observed. 

Figure 4 shows SAXS profiles of the cationomer M-50 
at  temperatures from 30 to 130 "C, after subtraction of 
background scattering. Data collection times ranged 
from 4 h at  room temperature to 2 h at  110 and 130 "C. 
The SAXS curve at  room temperature displayed a single 
interference maxima at q = 0.65 nm-l. In our earlier 
investigation, this peak was attributed to a periodic 
arrangement of lamellar hard and soft domains analo- 
gous to that found in conventional polyurethane elas- 
tomers.2 From 30 to 70 "C, the intensity of the peak 
increased approximately lo%, while the position of the 
peak was essentially unchanged. Above 70 "C there was 
a clear change in the scattering curves, as the intensity 
of the maxima decreased substantially and the peak 
position shifted to lower wave vectors with increasing 
temperature. The decrease in intensity was much 

q (nm-') 

Figure 4. Temperature dependence of SAXS profiles for M-50. 

greater than might be explained by dequaternization, 
because p was constant (within experimental error of 
5%) before and after SAXS data collection at all tem- 
peratures. This indicates that less than 7% dequater- 
nization occurred, since iodine atoms absorb greater 
than 75% of the X-rays. 

Differences in morphology as a function of tempera- 
ture were quantified by first multiplying the scattered 
intensity by q2. Bragg's law was applied to  the peak of 
the corrected profile to evaluate the interlamellar spac- 
ing L~.D, while the extent of microphase mixing is 
reflected in the total integrated scattered intensity, or 
invariant Q, given by eq 2. 

Morphological parameters are summarized in Table 3 
and displayed graphically as a function of temperature 
in Figure 5. Also included in Figure 5 are data from 
Galambos for a segmented PU with semicrystalline hard 
domains of MDI/BD.31 Three temperature regions are 
generally observed for conventional polyurethanes. At 
low temperatures, Q increases with temperature while 
the interdomain spacing may increase slightly or remain 
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Table 3. SAXS Parameters at Variow Temperatures 

MST in a Polyurethane Cationomer 1406 

~ 

temp ("C) LLD (m) QN (m-9 
30 9.6 31 000 
50 9.5 32 600 
70 9.5 35 800 
90 10.0 31 100 
110 10.3 25 900 
130 10.9 20 700 

constant. Previous researchers have postulated a va- 
riety of phenomena that could explain the trends in this 
region including increased purity of the micro phase^^^ 
and thermal e x p a n s i ~ n . ~ ~ ~ ~ ~ ~ ~ ~  Next, a temperature 
regime exists where the invariant decreases sharply 
with increasing temperature. Since the invariant is 
independent of the size and shape of the domains, the 
sharp decrease in Q results from increased microphase 
mixing and the consequent loss of electron density 
contrast as indicated by the equation33 

(3) 

where q5i and ei are the volume fraction and electron 
density, respectively, of each microphase. Above TMST 
the invariant plateaus, and the interdomain spacing 
becomes ill-defined as the interference peak decays 
beyond distinction. Although the highest experimental 
temperature for M-50 was limited to 130 "C by dequat- 
ernization, the same general behavior was observed. 
Only the plateau region at  high temperatures was 
absent. From 30 to 70 "C, the invariant increased 15%, 
while the interlamellar distance was unchanged. In the 
transition region between 90 and the maximum experi- 
mental temperature of 130 "C, the repeat distance 
increased approximately 15% and the invariant de- 
creased over 40%. For the PU cationomers, these 
results indicate that considerable microphase mixing 
accompanies the onset of viscous flow and shiR in N-H 
bonding from the anions to urethane carbonyls. How- 
ever, some evidence of the lamellar structure still exists 
in the melt to temperatures of a t  least 130 "C. 

The rheological properties of the cationomer M-50 are 
shown in Figure 6, where G and G are plotted versus 
frequency at  various temperatures from 60 to 150 "C. 
At temperatures up to approximately 100 "C, complex 
rheological behavior with a relatively weak o-depen- 
dence was observed. At the lowest frequencies, both G 
and G approached the lines proportional to om that 
have been observed in previous investigations of ordered 
diblock and triblock  copolymer^.^^?^^,^^ The o-depen- 
dence of G and G increased with increasing tempera- 
ture, although a t  150 "C the storage modulus still had 
a slope less steep than the line G - w2 which is expected 
for homopolymers and homogeneous copolymers. At 
150 "C, the loss modulus closely matches the anticipated 
result G - w for homogeneous polymer melts. These 
results are consistent with those of SAXS and suggest 
that the rheological behavior of the cationomer ap- 
proaches that of a homogeneous material, but some 
heterogeneity still exists a t  the highest experimental 
temperature. 

In Figure 7, the same G data are replotted as 
isochronal temperature curves. Symmetric monodis- 
perse diblock and triblock copolymers frequently show 
a sharp discontinuity in G at TMST at low frequen- 
cies. 16,17J9 At increased frequencies, the transition 
broadens and shifts to higher temperatures. A discon- 
tinuous drop in G was not observed for the PU cationo- 
maw +hn in..rna+ P ~ ~ ~ . ~ ~ ~ ~ . ~  n nm ,.mata 

1.5 I 

0.0 1 ' 10.0 
4 0  80 120 180 200 240 

Temperature ('C) 

Figure 6. Small-angle X-ray scattering invariant and inter, 
lamellar repeat distance of the cationomer M-50 (symbols) ~ I I  
patterns of Figure 4. Also included are data from Galambor 
for a PU with MDyBD hard segments (lines).31 All data wen 
normalized to the values at 30 "C. 
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Figure 6. Dynarmc storage modulus G' (top) and loss modulu 
G (bottom) of M-50 in the temperature interval 60-150 "C 

However, a relatively sharp decline was observed start 
ing around 110 "C. Similar results, shown by thc 
dashed line of Figure 7, were reported by Almdal et aL3 
for a binary mixture of diblock copolymers of the samc 
composition but different block lengths. Their result; 
showed that even modest asymmetries and polydisper 
sities of the blocks led to an order-disorder transitioi 
with continuous character. They speculated the broac 
transition was a biphasic region, where the fraction o 
the disordered phase increased with increasing tern 
perature. Although the trends in Figure 7 are similar 
the cationomer does not show the high-temperaturi 
plateau corresponding to a homogeneous phase seen i~ 
the diblock copolymer mixture. 

Isochronal curves at higher frequencies were shiftei 
to higher temperatures as expected, but the o-depen 
dence was less than is often noted for diblock anc 
triblock copolymers. Gouinlock and Porter reported tha 
+ha mnatmd F..p,viinn,-v A n n n n A a n m a  f i t v w i r m  nrniinrl th, 
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evident, a homogenous melt was not observed. Dequat- 
ernization limited the upper temperature of SAXS and 
rheological experiments to 130 and 150 "C, respectively, 
and a lamellar microstructure was still apparent in the 
melt at the highest temperatures. 
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Figure 7. Isochronal plots of G versus temperature for 
sample M-50 (solid lines). Included for comparison are data 
for a binary mixture of diblock copolymers of the same 
composition but different block lengths (dashed line).36 

critical reduced frequency for the polymer, above which 
no domain disruption occurs.16 The critical frequency 
is a strong function of molecular weight as well as the 
copolymer composition. For the present segmented PU 
cationomers, extraction of individual chain segments 
from a domain would likely have a relatively short 
relaxation time due to the smaller block lengths com- 
pared to  diblock and triblock copolymers. A shorter 
relaxation time corresponds to a higher critical fre- 
quency, which for the sample M-50 is apparently above 
the greatest test frequency of 100 rads. A weak 
w-dependence was also recently shown for a styrene- 
isoprene diblock copolymer with liquid-like order (i.e., 
the domains were not ordered onto a lattice) by Adams 
and c o - ~ o r k e r s . ~ ~  

Conclusions 
A broad flow transition, starting around 85 "C, was 

previously observed in PU cationomers with pendant 
trialkylammonium groups using dynamic mechanical 
thermal analysis; the specific interaction responsible for 
microphase separation in these materials was found to 
diminish in the same temperature regime. In the 
present investigation, both SAXS and rheological ex- 
periments indicate considerable microphase mixing 
occurs near the onset of viscous flow. The SAXS 
invariant begins decreasing between 70 and 90 "C and 
drops over 40% by 130 "C. An increase in the w-depen- 
dence of G and G starts around 110 "C, and at 150 "C 
the rheological behavior approaches that of a homoge- 
neous copolymer or homopolymer. When replotted as 
a function of temperature, a sharp but continuous 
decrease in the low-frequency storage modulus is ap- 
parent beginning at 100 "C. Whether or not these 
changes are part of a broad MST is inconclusive. 
Although the trends of both techniques agree qualita- 
tively with investigations of the MST in more conven- 
tional multiblock copolymers and less-ordered block 
copolymers, and extensive microphase mixing is clearly 
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