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SYNOPSIS

A study of some poly ether/ester urethanes has been carried out using electrical methods,
viz. dielectric spectroscopy (400-10° Hz), dc conductivity, and dc step-response techniques.
X-ray diffraction and thermal analysis also are used for characterization of the samples.
The studies indicate a hard-segment glass transition T}, around 318-322 K in addition to
a soft-segment glass transition around 233-270 K. The breakage of hydrogen bonding
mainly starts above Ty, . The studies also show a hard-segment melting around 1.5-1.8 T,;,
but do not reveal any soft-segment melting except in the case of the polyetherurethane

sample. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

Polyurethane block polymers are a family of elas-
tomeric materials whose chains are composed of al-
ternating low glass transition (soft) segments and
more rigid, polar urethane (hard) segments that
soften much above room temperature. This property
makes them very useful industrial materials. The
soft segments are generally polyethers or polyesters,
and the hard segments are formed from the exten-
sion of a diisocyanate (often aromatic) with a low-
molecular-weight diol. The existence of microphase
separation, caused by clustering of at least some of
the hard and soft segments into separate domains,
has been well established.!® The typical polyure-
thane is extensively hydrogen (H—) bonded, the
donor being the — NH group of the urethane link-
age. The H-bond acceptor may be in either the hard
urethane segment (the carbonyl of the urethane
group) or the soft segment (an ester carbonyl or
ether oxygen). The breakage of H bonding and its
connection to the phase separation has been the sub-
ject of much discussion in a number of studies.}”
In the present communication, we report our ex-
perimental findings on the above subject for some
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polyurethane block polymers that have been pre-
pared by the reaction of bis (chloromethyl) com-
pounds with potassium cyanate in dimethylform-
amide (DMF) in the presence of ether-glycols.

EXPERIMENTAL

The samples used in this study were prepared and
characterized using infrared spectroscopy, viscom-
etry, and dilatometry, as described by Ibrahim et
al.'®!! and some of the relevant details are given in
Table I along with the molecular formulae. The mo-
lecular weight estimated from the viscosity data us-
ing the Mark-Houwink relation!? is found to be
around a few tens of thousands. All the samples were
characterized further using X-ray spectroscopy, dif-
ferential Thermal analysis (DTA), and thermogra-
vimetric analysis (TGA) and were studied in detail
using dielectric spectroscopy and de¢ conductivity.

The X-ray diffractograms were obtained at room
temperature with a Phillips unit (Phillips X-ray
Generator PW1140), which has a vertical goniom-
eter attachment. Nickel-filtered Cu-K, radiation was
used for the X-ray studies. The DTA and TGA were
taken on a Simultaneous Thermal Analyser Model.
No. STA 780 series (Stanton Redcroft, UK).

All the samples were studied in detail using di-
electric spectroscopy and dc step-response tech-
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Table I Details of the Samples under Study

Sample

Code Chemical Structure

Viscosity
(m, dl/g

O CH,

o}
I I
S1 [—0—11\{:—1{20—@cnz—g—c—o—((CH2>20)2—(CH2)2—01n 0.14

H,C
CH, 0

i ] o
S2 [—C—E—Hzc—@CHZ—II\{I—C—O—((CHZ)20)4——O—C—(CH2)4—C—O—(CHz).,),,,——O——],L 0.58

H,C
(I? ﬁ I Il
S3 [—C—g—HZC@CHZ—g—C—O—((CHZ)ZO)s—O—C—(CHZ)Z—C—O—(CHz)s)m-—O—],, 0.61
H,C CH,
i 0 i 0
S4 [—C—E—HZC@CHZ—E—C—0—((CH2)ZO)4—O—C—(CH2)4—C—O—(CH2)4),,,—O—],, 0.48
H,C CH,

nique. Dielectric relaxation data were taken in the
temperature range 298-403 K and in the frequency
range 200 Hz-100 KHz. A three-terminal electrode
assembly, with a guard ring arrangement, was used
for this purpose, and the temperature was controlled
with the help of an electronic controller. The highest
temperature covered in these experiments is 403 K
due to onset of degradation of the samples. As all
the samples are in powder form, pellets of 1.3 cm?
and 0.1-0.2 cm in thickness were prepared with a
vacuum die at a pressure of 3 Kbar. Electrical con-
tacts were made with the help of evaporated elec-
trodes on both faces of the sample.

The dc step-response technique was used to mea-
sure the absorption (charging and discharging) cur-
rents, which incorporate a Keithley 610 Electrom-
eter and a dc power supply. The system was capable
of measuring currents down to 107'® A. The maxi-
mum temperature of measurement was limited to
373 K due to considerable ionic conduction and vis-
ible decomposition of the samples. For further de-
tails of this experimental setup and dc conductivity
measurements, the reader may consult Ref. 13.

RESULTS

The X-ray diffractograms taken at room tempera-
ture (Fig. 1) indicate that the first two samples, viz.

S1 and S2 (see Table I), are partially crystalline
and show an intense peak in the vicinity of 29°-
30°. However, samples S3 and S4 are found to be
more or less amorphous with some less intense crys-
talline peaks in the region of 23°-25° and 14°-16°.
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Figure 1 X-ray diffractograms for the samples.



Table II Details of Various Transition Temperatures
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Transition Temperature (K)

Experimental Method S1 S2 S3 S4
Dilatometry® 262° 244° 247" 232>
DTA 321, 552 3250 326> 527 309> 487.5
Conductivity 323 351 330.5° 319.5° 303
Discharge currents 322.° 363 322.5° 3220 300°
Dielectric relaxation (400 Hz) 358 338 — 325

® Taken from Refs. 10 and 11.
b Corresponds to glass transition.

The thermogravimetric data reveal that all the sam-
ples are stable up to 473-523 K (2% weight loss).
The DTA curves do not reveal the melting as a sharp
and pronounced event due to low crystallinity and
also, perhaps, due to polydispersity. Hence the peak
temperature of the endotherm is taken as the melt-
ing temperature. In general all the samples reveal a
small steplike change in the DTA baseline around
303-328 K, characteristic of a glass transition event
(see Table II).

In Figures 2 and 3, we show the variations of the
dielectric constant and loss with temperature, which
show a shoulder at the lower frequency side indic-
ative of the onset of a relaxation process. The case
of S1 is shown separately in Figure 4, in the form
of log ¢” vs. 1/ T to enable us to see a small steplike
change in the curves in the vicinity of 353 K at all
frequencies, indicative of a small melting event. We
show the relaxation behavior of the samples at all
temperatures in Figure 5 in the form of Cole-Cole
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Figure 2 Variation of ¢’ and ¢” with temperature in S1 and S2.
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Figure 83 Variation of ¢’ and ¢” with temperature in S3 and S4.

diagrams (i.e., the dielectric constant ¢’ is plotted
against the dielectric loss ¢”), which can be described
by a Hevriliak-Negami equation:

*

e¥ — g,

1

(1)

&y —

e [1+ (iwrg)™*)#

where 7 is the relaxation time, ¢, ¢, are the limiting
dielectric constants, and «, 8 are the distribution
parameters.

In Figure 6, we show the temperature variation
of the isochronal discharging current for samples S1
and S3 as representative of the samples. In Figure
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1000K /[T

Figure 4 Variation of ¢” in S1 with 10%/7. Note that around 351 K, there is a small
steplike change in ¢” values at all frequencies.



7, we show the Arrhenius plot of the dc conductivity.
For the other details of the measurements the reader
may consult Ref. 13.

All the samples, in the high-temperature region,
exhibit ionic conductivity that appears as a power
law behavior of the form!®'¢:

(&' —ex) oc e” oc f1 (2)

”

nw
= cot — 3
e — ey co 2 (3)

for the real and imaginary parts of the complex di-
electric constant. In the above equations the param-
eter n may be described as a short-range order pa-
rameter. In Figure 8 we show this situation for the
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case of two of the samples, where the curves are
normalized as described in Ref. 15. It is noticeable
that the samples decompose at much lower temper-
atures in the presence of an electric field due to the
large ionic conduction that dissipates lots of energy
in the medium.’

DISCUSSION

The X-ray diffractograms of these polymers (Fig.
1) show that overall they are amorphous in nature.
One possible reason for this may be the presence of
methyl groups in the side chain (see Table I), which
can cause steric hindrance for close packing of the
molecules and thereby reduce their crystallinity. The
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Figure 35 C—C plot of S3 at different temperatures. The parameters of Eq. (1) are also

given.
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Figure 7 Arrhenius diagram of the dc conductivity in the samples. Note that all the
curves show a discontinuity of the slope around 318-323 K and in addition the curve
corresponding to S1 shows a small steplike change in the vicinity of 351 K.
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Figure 8 Variation of ¢” and (¢’ — ¢, ) with frequency in S1 and S3. Point A is the
reference point for normalization'®!¢ of the curves. Note that both ¢” and (¢’ — &,,) follow
Eq. (2). The value shown above the curves is the slope, which is equal to —(1 — n).

para-linked polymers S1 and S2, however, showed
partially crystalline patterns (in the vicinity of 29°-
31°), whereas the meta-linked polymer showed a
typical amorphous pattern. This tendency has also
been noticed in the other polymers, viz. polyether
urethanes synthesized by Ibrahim et al.!%'! The DTA
of the samples show clearly two transition temper-
atures (Table II). The one around 318-323 K, which
is seen as a small steplike change in the baseline,
probably corresponds to the hard-segment glass
transition (Tg,). The second transition, which is
seen as a small endotherm in samples that have some
amount of crystallinity, is clearly due to the melting
of the crystallites. The ratio of this temperature to
T, is around 1.5-1.7, which is similar to the case of
other polymers.!® This observation tempts us to at-
tribute the melting in these polymer to the hard seg-
ment (7,,). In Figure 7 the corresponding dc con-
ductivity curves clearly reveal a sharp break around
T, above which the variation of the dc conductivity
is William-Landel-Ferry (WLF) type as in nylons,

etc.’® Note that below T,;, the dc conductivity is
very small. These observations clearly show that the
transition T, can be considered as the actual glass
transition for all practical purposes.

The dielectric relaxation data of these samples
clearly show that there is some molecular mobility
éven at room temperature, which is probably due to
the soft segments. But if one looks at the magnitude
of the dielectric strength (gy — ¢,,) (see Fig. 5, for
example), it gives the impression that the movement
of the soft segment is highly hindered. The variation
of the real and imaginary parts of the dielectric con-
stant with temperature (Figs. 2 and 3) indicate a
small shoulder on the low-frequency (400 Hz) side
around 345 K, which is probably due to the large-
scale mobility of the hard segments above T,;,. How-
ever, the peaks in dielectric loss are masked by the
large ionic losses (see Fig. 5) at higher temperatures.
One may also notice some change in the shape of
the C— C diagrams above Ty, in Figure 5. The re-
laxation time obtained by force fitting the data to
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Eq. (1) appears to increase with temperature, which
is probably due to the overlapping of the primary
relaxations corresponding to soft and hard segments
and a low-frequency ionic polarization mechanism.

The isochronal discharge current data on these
polymers clearly indicate peaks with temperature as
shown in Figure 6, the locations of which coincide
approximately with T, values. Also, significant ionic
conductivity is seen above Ty, which varies in a
WLF fashion with temperature.!®

In S1 there is no clear evidence of T}, either in
the dielectric data or in the discharge current data
(see Figs. 2 and 6). However, these measurements
indicate a sharp steplike change in the dielectric loss
(Fig. 4) and dc conductivity (Fig. 7) and discharge
current data (Fig. 6) around 353 K, which may per-
haps be due to soft-segment melting ( T',,,) . However,
there is no indication of such a change in the DTA
data.

CONCLUSIONS

We have studied some polyurethane elastomers us-
ing X-ray, thermal analysis, de conductivity, dielec-
tric spectroscopy, and dc step-response techniques:

1. These polymers exhibit a hard-segment glass
transition (7T,) in the region 318-323 K
above which the H-bonding breakage and
hence ionic conductivity starts.

2. All the polymers exhibit hard-segment melt-
ing (T},,) around 1.5-1.7 Ty,

3. There is no evidence of any soft-segment
melting in the samples except for the poly-
ether urethane sample.

The authors wish to thank Dr. U. M. S. Murthy for his
help in the measurements.

REFERENCES

1. G. M. Estes, S. L. Cooper, and A. V. Tobolsky, J.
Macromol. Sci. Rev. Macromol. Chem., C4(1), 167
(1970).

2. J. A. Koutsky, N. V. Hien, and S. L. Cooper, ¢J. Polym.
Sci. Part B, 8, 353 (1970).

3. (a) S. B. Clough, W. S. Schneider, and A. O. King,
J. Macromol. Sci., Phys., 2, 641 (1968). (b) R. W.
Seymour and S. L. Cooper, Macromolecules, 6, 48
(1973).

4. A. Lilaonitkul and S. L. Cooper, Polym. Preprints,
20, 676 (1979).

5. M. E. Kazmierczak, R. E. Fornes, D. R. Buchanan,
and R. D. Gilbert, J. Polym. Sci. Polym. Phys., 27,
2173 (1989).

6. R. W. Seymour and S. L. Cooper, J. Polym. Sci. Polym.
Lett., 9, 689 (1971).

7. C. Delides and R. A. Pethrick, Eur. Polym. J., 17,
675 (1981).

8. Z. S. Petrovic and 1. J. Soda-So, J. Polym. Sci. Poly.
Phys., 27, 561 (1989).

9. R. F. Harris, M. D. Joseph, and C. Davidson, J. Appl.
Polym. Sci., 46, 1843 (1992).

10. A. M. Ibrahim, Ph.D. Thesis, IIT, Madras, India
(1980).

11. A. M. Ibrahim, V. Mahadevan, and M. Srinivasan, «J.
Polym. Sci. Polym. Chem., 19, 2651 (1981).

12. C. S. Schollenberger and K. Dibergs, in: Advances
Urethane Science and Technology, Vol. 3, K. C. Frisch
and S. L. Reegan, Eds., Technomic, Stanford, CA,
1971, p. 36.

13. S. S. N. Murthy, J. Phys. D: Appl. Phys., 21, 1171
(1988).

14. S. Havriliak and S. Negami, J. Polym. Sci. C, 14, 99
(1966).

15. A. K. Jonscher, Phil. Mag. B, 38, 587 (1978).

16. A. K. Jonscher, Dielectric Relaxation in Solids, Chelsea
Press, London, 1983.

17. A. K. Jonscher, J. Phys. D.: Appl. Phys., 23, 2137
(1980).

18. R. F. Boyer, J. Polym. Sci. C, 50, 1989 (1975).

Received June 9, 1993
Accepted June 6, 1994





