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ABSTRACT: A series of cationic polyurethane (PU) elastomers with pendant ammonium group, different polyeth-

er chains, and different content of ionic groups were prepared by nonsolvent technique. NCO-terminated prepolymers

were prepared from 2,4-tolylene diisocyanate and polyols including poly(oxytetramethylene)glycol (PTMG) and poly-

(oxypropylene) glycol (PPG). Cationic PU elastomers were prepared by the reaction of prepolymer with the mixture of

chain extenders [1,1,1-trimethylolpropane, 2-ethyl-2-methyl-1,3-propanediol, and cationic diol, 3-trimethylammonium-

(1,2-propanediol)iodide]. The properties of cationic PU elastomers were studied regarding the effect of polyol type, ion

content, and ion site by means of differential scanning calorimetry, dynamic mechanical thermal analysis, tensile test-

ing, and complex impedance measurement. As the ion content increased, the demixing of hard segment from PTMG

soft segment proceeded. PTMG-rich soft micro-phase became purer but its quantity decreased. The trend was reduced

for PPG-based PU elastomers. While PU elastomers with ammonium group in pendant have micro-multiphase struc-

ture, PU elastomers with that in backbone have approximately homogeneous structure. The ionic conductivity was

about 10�10 S cm�1 at room temperature and 10�7 S cm�1 at 100 �C. The effects of micro-phase separation on the con-

ductivity of cationic PU elastomers were discussed. Temperature dependence of conductivity obeyed Vogel–Tamman–

Fulcher equation.
KEY WORDS Cationic Polyurethane / Pendant Ammonium Group / Heterogeneity / Thermal

Property / Mechanical Property / Ionic Conductivity /

Polyurethanes (PUs) are very versatile industrial
materials which have been developed during these
seventy years and have been applied in various fields
as foams, coatings, adhesives, elastomers, fibers, syn-
thetic leathers, etc. Even on elastomers, PUs have
been applied in many fields by putting its superior me-
chanical properties, abrasion resistance, and oil resist-
ance to practical use. Elastomers are insulating mate-
rial in general and PU elastomers also. However, as
the electronic devices advance in recent years, elasto-
mers used for roller and cleaning blade inside of elec-
tronic camera have been needed to have the conduc-
tivity of semiconductor level (10�7–10�10 S cm�1).
In such applications, PU elastomers have been used
for their good abrasion resistance and low compres-
sion set. It is considerable that PU elastomers will
be needed to have conductivity of much higher level
in future.
One method to improve conductivity of PU elasto-

mers is to introduce ionic conductivity. In general,
polyether-based PU elastomers can be complexed
with electrolytes such as LiClO4 to give ionic conduc-
tivity. There have been various investigations of PU-
electrolyte complexes.1,2 However, the use of high

concentration of electrolytes leads to the loss of elas-
ticity. The use of solvent is usually essential to com-
plexing PU elastomers with electrolytes, which is dis-
advantage for the industrial production. Other
semiconductor type of PU elastomers is ionic PU elas-
tomers.
PU ionomers have been the important field of ionic

PU elastomers. In general, ionomers are thermoplastic
materials containing up to �10% of ionic comono-
mers and are thus insoluble in water in most cases.
PU ionomers are classified into (a) PU cationomers3–7

and (b) PU anionomers8,9 depending upon whether
positive or negative ion is contained in main chain
or pendant chain, and (c) PU zwitter ionomers10 con-
taining both the positive and negative ions.
For the syntheses of PU cationomers, it is the pop-

ular route to use the chain extenders of short-chain di-
ols containing tertiary amine group, and quarternize
the formed PU with acids or alkyl halides.3,11 Howev-
er, the use of solvent is inevitable in this route. In re-
cent studies6,8,12 synthetic route that uses prequarter-
nized diol is adopted. The advantages of prequar-
ternization before the formation of PU elastomers
are the realization of synthesis in nonsolvent system

yTo whom correspondence should be addressed (E-mail: hiraoka@net.nagasaki-u.ac.jp).

Polymer Journal, Vol. 36, No. 1, pp. 1—9 (2004)

1



and the easy control of content of ionic group in PU
elastomers. Several researchers have investigated
structure-property relationships in such systems,
where the quaternary ammonium group is in the PU
backbone.
Short-chain diols with pendant pyridinium halides

were used by Vilenskii et al.13 to synthesize PU catio-
nomers directly. The effects of the neutralizing anion
on polymer morphology and thermal properties were
investigated. Varma and co-workers14 have prepared
PU cationomers by using 3-trimethylammonium-
(1,2-propanediol)iodide as the chain extender, but
properties of the obtained PU cationomers were not
reported. Goddard and Cooper15–17 have synthesized
PU cationomers with pendant trialkylammonium
groups by using ionic chain extenders. They have in-
vestigated the morphology and properties of their PU
cationomers as a function of ion content, the length of
alkyl group, and neutralizing anion.
As described above, there have been various inves-

tigations of PU ionomers, which are thermoplastic
polymers. However, very little work is currently avail-
able in the published literature on the thermosetting
ionic PU elastomers. The research of the thermoset-
ting ionic PU elastomers is needed in PU industry
with anticipation of their improved properties. On
the other hand, we have reported the synthesis and
properties of thermosetting cationic PU elastomers
that were prepared by using ionic chain extender with
quaternary ammonium group in backbone.18,19

On the background described above, this study in-
tends (1) to use cationic short-chain diol with pendant
quaternary ammonium group as chain extender, (2) to
synthesize cationic PU elastomers containing different
polyethers and different content of ionic group by

nonsolvent technique, and (3) to examine the thermal
and mechanical properties, and the ionic conductivity
of the obtained cationic PU elastomers, and to com-
pare with the corresponding cationic PU elastomers
with quaternary ammonium group in backbone.

EXPERIMENTAL

Materials
Materials used in this study are described in Table I

with their abbreviations. Polyols were dried and de-
gassed at 65 �C under vacuum for 3 h before use.
Chain extenders were dried likewise before use. Other
materials were used as received.

Preparation of Cationic Diols Containing Quaternary
Ammonium Group
Methyl iodide was added slowly with stirring to 3-

dimethylamino-1,2- propanediol (DMP) or N-methyl-
diethanolamine (MEA) at room temperature under ni-
trogen atmosphere to yield 3-trimethylammonium-
(1,2-propanediol) iodide (TMPI) or N-dimethyldi-
ethanolammonium iodide (MEAI). The detail of the
preparation was described in the previous paper.19

The formation of TMPI and MEAl were confirmed
by the results of elementary analysis and NMR spectra.

Preparation of Cationic Polyurethane Elastomers
Cationic PU elastomers with pendant ammonium

group were synthesized by a two-step addition reac-
tion outlined in Figure 1. The NCO-terminated prepol-
ymers were prepared by the reaction of TDI with pol-
yols at a molar ratio of NCO/OH = 2/1 under dry
nitrogen atmosphere for 15–30min. Polyols used were
PTMG and PPG. The reaction was carried out at 65–

Table I. Materials

Abbreviation Description Supplier

TDI 2,4-Tolylene diisocyanate Nippon Polyurethane

Industry Co., Ltd.

PTMG Poly(oxytetramethylene) glycol Hodogaya Chemical
�MMn ¼ 980 Co., Ltd.

PPG Poly(oxypropylene) glycol Sanyo Kasei Industry
�MMn ¼ 880 Co., Ltd.

TMP 1,1,1-Trimethylol propane Tokyo Kasei

Kogyo Co., Ltd.

EMP 2-Ethyl-2-methyl-1,3-propanediol Tokyo Kasei

Kogyo Co., Ltd.

BD 1,4-Butanediol Wako Pure Chemical

Industies, Ltd.

DMP 3-Dimethylamino-1,2-propanediol Tokyo Kasei

Kogyo Co., Ltd.

MEA N-Methyldiethanolamine Wako Pure Chemical

Industies, Ltd.

Methyl iodide Wako Pure Chemical

Industies, Ltd.
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75 �C without any catalyst, and terminated when the
resulting isocyanate content of prepolymer deter-
mined by the amine equivalent method reached ex-
pected value. After the prepolymer was degassed un-
der vacuum to remove any possible air bubbles, the
mixture of chain extenders (TMP, EMP, and TMPI)
was added to the prepolymer at a molar ratio OH/
NCO = 0.9. The reaction was carried out at 80–
100 �C for 1–10min with high speed stirring, then
the reaction mixture was cast in a mold kept at
100 �C. After standing in an oven at 100 �C for 1–
3 h, the cationic PU elastomer was demolded, and then
post-cured in a oven at 100 �C for 24 h. The composi-

tion of mixed chain extenders was as follows, whose
30mol% [OH] was of TMP, and other [OH] was of
EMP and TMPI. The degree of ionization of the sam-
ples was controlled by regulating the fraction of EMP
and TMPI. Cationic PU elastomers with ammonium
group in backbone were prepared by using BD and
MEAI as substitutes for EMP and TMPI, respectively.
The composition ratios of the chain extenders are
shown in Table II.
The samples were designated in the following man-

ner: 10T-PN-0.6. The first alphabet of the mnemonic
code refers to the polyol type (‘‘T’’ for PTMG and
‘‘P’’ for PPG), the second alphabet refers to ionic
chain extender (‘‘PN’’ for TMPI, ‘‘BN’’ for MEAI:
PN means pendant Nþ and BN backbone Nþ); the first
figures, 10, indicates the molecular weight 1000 of the
polyols, and the last figures is the weight percentage
of quaternary ammonium calculated from theoretical
values.

Characterization
Equilibrium water sorption in 20 and 90% relative

humidity at 25 �C was measured by weighing at an ap-
propriate time interval until constant weight was
reached. The percentage of water sorption was calcu-
lated from the weight difference between the wet and
dry samples.
Differential scanning calorimetry (DSC) was car-

ried out with a Seiko DSC 210 at the heating rate of
10 �Cmin�1.
Rheometrics RSA II (Rheometrics for East) was

used to obtain dynamic mechanical data at tempera-
tures ranging from �150 to 200 �C at 0.1% of strain,
the frequency of 10Hz (62.8 rad s�1), and the heating

Table II. Compositions and various properties of cationic polyurethane elastomers

Composition Water sorption

Sample code (OH mol%) [Nþ] [ether group] Appearance (wt%)

TMP EMP TMPI BD MEAI (wt%) (�10�4 mol/g) 20 RH% 90 RH%

10T-PN-0 30 70 0 0 87 Colorless, transparent 1.3 3.2

10T-PN-0.2 30 45 25 0.20 85 Dark yellow, opaque 1.4 3.5

10T-PN-0.4 30 25 45 0.37 84 Dark yellow, opaque 1.7 3.9

10T-PN-0.6 30 0 70 0.58 82 Dark yellow, opaque 1.7 4.6

10T-BN-0 30 70 0 0 88 Colorless, transparent 1.0 2.7

10T-BN-0.2 30 45 25 0.21 85 White, translucent 1.2 3.3

10T-BN-0.4 30 25 45 0.39 83 White, opaque 1.2 4.0

10T-BN-0.6 30 0 70 0.58 81 White, opaque 1.3 4.7

10P-PN-0 30 70 0 0 103 Colorless, transparent 1.0 3.7

10P-PN-0.2 30 45 25 0.23 100 Yellow, translucent 1.0 4.9

10P-PN-0.4 30 25 45 0.42 98 Yellow, opaque 1.3 5.7

10P-PN-0.6 30 0 70 0.63 96 Yellow, opaque 1.5 6.8

10P-BN-0 30 70 0 0 104 Colorless, transparent 0.9 4.1

10P-BN-0.2 30 45 25 0.23 101 Light yellow, translucent 1.2 5.2

10P-BN-0.4 30 25 45 0.42 99 Yellow, translucent 1.1 5.4

10P-BN-0.6 30 0 70 0.62 96 Yellow, translucent 1.3 6.0
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Figure 1. Two-step synthesis of cationic polyurethane elasto-

mers.
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rate of 2 �Cmin�1. The size of test piece was 40mm
long, 5mm wide, and 1mm thick.
Hardness was measured by means of ASKER-A

Durometer (Koubunshi Keiki Co.) according to JIS-
K6301.
Tensile strength and elongation at break were meas-

ured by means of a Shimadzu Universal Testing
Machine, Model AGS-100 at a crosshead speed of
500mmmin�1 (JIS-K6301). The standard dumbbell-
shaped die III was used to cut specimen from the test
sheets.
Ionic conductivity was determined by complex im-

pedance measurement. The impedance measurements
with alternating current were carried out with 5020
frequency response analyzer (NF Electric instru-
ments)—a potentiostat/galvanostat 2000 (TOHO
technical research) system in the frequency range
from 10mHz to 20 kHz. The test sheets (1mm thick)
were cut to 25� 25mm size and then Au was depos-
ited at both sides to form two Au electrodes (the diam-
eter is ca. 11mm). The test specimen was kept in a
temperature-controlled glass vessel, which was flush-
ed with nitrogen gas. The temperature dependence
of the conductivity was measured in the range from
room temperature to around 150 �C. The ionic con-
ductivity of the samples was calculated by eq. 1

� ¼
d

RBS
ð1Þ

where d (cm) is the thickness of the samples, S (cm2)
is the area of the Au electrode, and RB (�) is the bulk
resistance of the samples. The test specimens were
dried at 50 �C in a vacuum oven over 2 h before all
measurements.

RESULTS

Appearance and State of Samples
The appearance of the samples was summarized in

Table II. All the samples were elastomers at room
temperature. The transparency of the samples decreas-
ed with increasing degree of ionization. The degree of
transparency varied with polyols and chain extenders.
The unionized samples are colorless and transpar-

ent, suggesting little or no aggregation of hard seg-
ments. With increasing ion content, PN series lost
transparency at lower ion content than BN series.

Water Sorption
Table II also shows the percentage of water sorp-

tion of the samples. The water sorption increased with
increasing ionization for all the samples measured.
This is clear evidence that ionic groups were incorpo-
rated systematically into the cationic PU elastomers.
Though all the samples show similarly low values of

water sorption when relative humidity is low, 10P ser-
ies show larger values than those of 10T series at the
corresponding ion content when relative humidity is
high. The order, PPG > PTMG, agrees with the ether
concentration of the samples. The position of ammo-
nium groups, whether in pendant or in backbone,
had no effect on water sorption.

Differential Scanning Calorimetry
DSC thermograms for 10T series are shown in Fig-

ure 2. The thermal transition data for all the samples
are given in Table III.
It was observed that each sample exhibited single

glass transition based on soft segment transition.
10T-BN series and 10T-PN-0.6 showed, in addition
to Tg, a small exothermic peak near �20 or �30 �C
respectively, indicating recrystallization of the PTMG
segments. The peak temperature of recrystallization of
BN series is slightly higher than that of PN-0.6. This
may be the result of enhanced mixing of PTMG with
ionic segment, which will delay the beginning of mi-
cro-Brownian motion of chain. The peak area is appa-
rently large for BN series. That is, 10T-BN series re-
crystallize more easily than 10T-PN series after glass
transition. This is probably because the constraint of
chain by aggregation of hard segments in BN series
is weaker than in PN series. 10P series (not shown
in Figure 2) based on noncrystalline PPG naturally
showed no recrystallization peak.

10T-PN

-100 0 100 200

Temperature ( )

10T-BN0

0.2

0.4

0.6

0

0.2

0.4

0.6

E
nd

ot
he

rm
E

xo
th

er
m

Figure 2. DSC traces of 10T-PN and 10T-BN series with the

ion contents indicated.
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Dynamic Mechanical Thermal Analysis
The effects of ion content, pendant ammonium

group, and polyether species on dynamic mechanical
properties are illustrated in Figures 3 and 4. Recrystal-
lization of PTMG segment which was detected in
DSC measurement was not reflected in DMTA be-
cause its extent was small. T�, the peak temperatures
of the loss modulus (E00), which correspond to the
Tg of the soft segment, is summarized in Table III.
As for the loss modulus (E00), 10T series exhibited a

small peak at �135 �C. This peak is attributable to the
crankshaft motion of methylene sequence in PTMG
segments. This peak was not observed for 10P series.
As shown in Figure 4, ionization results in a broad-

er transition and narrower or diminished rubbery pla-
teau, which indicates the samples have multiphase
structure. The behavior of the samples of 0.2 and
0.4 series was intermediate between that of unionized
polymers and 0.6 series.

Mechanical Properties
The hardness, the tensile strength, and the elonga-

tion at break of the samples are shown in Table IV.
The increase of hardness with increasing ionization

is considered to be the results of pseudo-crosslinking
effect due to coulomb interaction, and reinforcement
effect due to the aggregation of ion-containing seg-
ment.
The tensile strengths of 10T series are generally

Figure 4. E0 and E00 for cationic polyurethane elastomers with

0.6 ionization level: —––––– 10T-PN; – - – - – - 10T-BN; �����������
10P-PN; – – – – – 10P-BN.

Table IV. Mechanical properties

Tensile Ultimate

Sample Hardness Strength Elongation

(JIS-A) (Mpa) (%)

10T-PN-0 59 20 370

10T-PN-0.2 60 26 590

10T-PN-0.4 65 27 590

10T-PN-0.6 72 21 710

10T-BN-0 66 8.7 390

10T-BN-0.2 68 15 380

10T-BN-0.4 74 34 410

10T-BN-0.6 81 39 400

10P-PN-0 56 11 470

10P-PN-0.2 60 8.5 480

10P-PN-0.4 63 8.0 610

10P-PN-0.6 69 10 590

10P-BN-0 55 4.9 320

10P-BN-0.2 54 11 430

10P-BN-0.4 63 31 500

10P-BN-0.6 69 43 460

Figure 3. E0 and E00 for unionized polyurethane elastomers:

—––––– 10T-PN; – - – - – - 10T-BN; ����������� 10P-PN; – – – – –

10P-BN.

Table III. Thermal transition data

DSC Results DMTA Results

Sample Tg �Tg �Cp T�

(�C) (�C) (J/K�g) (�C)

10T-PN-0 �41:9 49.9 0.75 �27

10T-PN-0.2 �45:8 40.9 0.53 �39

10T-PN-0.4 �51:3 37.6 0.47 �43

10T-PN-0.6 �60:7 31.7 0.44 �45

10T-BN-0 �41:1 35.8 0.60 �31

10T-BN-0.2 �48:2 31.6 0.49 �39

10T-BN-0.4 �51:3 32.2 0.47 �43

10T-BN-0.6 �55:2 34.4 0.44 �47

10P-PN-0 �8:2 18.6 0.63 �3

10P-PN-0.2 �11:3 22.5 0.66 �7

10P-PN-0.4 �11:4 34.4 0.61 �7

10P-PN-0.6 �12:9 33.8 0.55 �7

10P-BN-0 �12:9 18.1 0.69 �7

10P-BN-0.2 �14:5 21.0 0.79 �11

10P-BN-0.4 �15:3 25.7 0.74 �11

10P-BN-0.6 �14:5 41.4 0.79 �11
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higher than those of 10P series. The order is reasona-
ble, since the crystallization due to orientation of
PTMG chain on stretching is easier than that of PPG
chain. As for BN series, increasing the ionization re-
sults in increasing tensile strength. As for PN series,
tensile strength remained at almost the same level
with increasing ionization. This is because the meas-
urement temperature of mechanical properties was
room temperature, which is located in transition re-
gion.
PN series showed greater values of elongation at

break in comparison with BN series.

Ionic Conductivity
The unionized samples have so great complex im-

pedance that this exceeds the measuring limit. The
Cole–Cole plot did not show full semicircle until tem-
perature was elevated. From high temperature meas-
urement, the ionic conductivity was presumed to be
10�14–10�12 S cm�1.
Table V shows the ionic conductivity of the sam-

ples at 25 and 100 �C, and Figure 5 shows the temper-
ature dependence of the ionic conductivity of 0.6 ser-
ies. The other series showed similar dependence.

DISCUSSION

Microstructure of Unionized Samples
The appearances of unionized samples are colorless

and transparent without regard to 10T or 10P and to
PN or BN. The structures of those samples are consid-
ered to be homogeneous in optical level. In DSC
measurement only glass transition was observed at
relatively low temperature. In DMTA spectra also,
unionized samples showed single transition followed
by rubbery plateau, suggesting that they have homo-
geneous amorphous structures. It is considered that
cross-linking (in all samples) and side chain (in PN

samples) prevent aggregation of hard segments.
Reflecting the flexibility of polyether chain, Tg and

the corresponding T� of unionized 10T samples (PN
and BN) is considerably lower than those of unionized
10P samples (PN and BN).
By making comparison between PN samples (10T

and 10P) and BN samples (10T and 10P), both the
Tg and T� stay respectively at almost same tempera-
ture range in the case of 10T samples. In the case of
10P samples, PN sample showed slightly higher tem-
perature than that of BN sample. This is probably be-
cause the mixing of PU hard segments with polyether
soft segments is promoted by the shorter length of
chain extender (EMP) than that of BD.
The slopes of the transition region in DMTA spec-

tra of 10P samples are steep, which is typical for
amorphous homogeneous structure. Compared with
10P samples, 10T samples showed relatively gentle
slope. Because the temperature width of transition re-
gion is related to the wideness of the distribution of
relaxation mechanisms, the values of temperature
range of Tg, �Tg, of 10T samples are considerably
larger than those of 10P samples. As for 10T samples,
�Tg of PN sample is larger than that of BN sample,
suggesting the increased inhomogeneity. As for 10P
samples, there is no difference of �Tg between PN
and BN sample.
From these observations, it is considered that

though both the unionized 10T and 10P samples have
amorphous homogeneous structure, 10T samples have
a little inhomogeneity in soft micro-phase compared
with 10P samples, and that PN sample of 10T has en-

Figure 5. Temperature dependence of ionic conductivity for

cationic polyurethane elastomers with 0.6 ionization levels:

10T-PN; 10T-BN; 10P-PN; 10P-BN.

Table V. Ionic conductivity of cationic poyurethane

elastomers

Sample code
Conductivity (S cm�1)

at 25 �C at 100 �C

10T-PN-0.2 7:8� 10�11 4:6� 10�8

10T-PN-0.4 1:2� 10�10 7:8� 10�8

10T-PN-0.6 1:1� 10�10 1:1� 10�7

10T-BN-0.2 4:8� 10�10 5:6� 10�8

10T-BN-0.4 3:1� 10�10 1:6� 10�7

10T-BN-0.6 1:7� 10�10 1:2� 10�7

10P-PN-0.2 1:0� 10�11 6:9� 10�8

10P-PN-0.4 4:7� 10�11 1:7� 10�7

10P-PN-0.6 5:4� 10�11 1:8� 10�7

10P-BN-0.2 5:5� 10�11 8:8� 10�8

10P-BN-0.4 1:0� 10�10 1:7� 10�7

10P-BN-0.6 1:5� 10�10 2:6� 10�7
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hanced inhomogeneity compared with BN sample of
10T.

Microstructure of Ionized Samples
In this study ions were introduced by substituting

chain extender from EMP to TMPI in PN series and
from BD to MEAI in BN series.
As the content of ion increased, transparency of the

samples decreased. It is suggested that the inhomoge-
neity increased by the aggregation of ionic segments
through coulomb force. However, the opacity is dif-
ferent between polyether species. The opacity of
10T series is larger than that of 10P series. Compared
with PTMG chain, PPG chain with shorter spacing of
ether groups is considered to have larger power of
mixing with ion-containing segments. Opacity of PN
series that contain ion at pendant chain is enhanced
compared with BN series that contain ions at back-
bone chain. This seems to be the result of enhanced
aggregation of hard segment with ion-containing
pendant and enhanced micro-phase separation.
Among the DSC results in Table III, Tg is originat-

ed from the soft micro-phase rich in polyether seg-
ment. Though, in general, the introduction of ion
has the effect of elevation of Tg due to the decrease
of chain flexibility and to the increase of interchain in-
teraction, Tg lowered with increasing ion content for
every series. T� observed in DMTA also lowered in
the similar manner.
As for 10T series, with increasing ion content, Tg’s

of both the PN and BN series lowered and approached
that of pure PTMG (�80 �C). At the low level of ion
content, Tg’s are in the same level, but at 0.6 series Tg
of PN is lower than that of BN. As for 10P series, the
lowering of Tg with increasing ion content is small. It
is probably because 10P series have relatively high
polarity so that the demixing will not proceed appre-
ciably.
The results mean that in parallel with the diversifi-

cation of the structures of micro-phases, the purity of
polyether in soft micro-phase increases through en-
hanced demixing of hard segment (ion-containing
segment and PU segment). The extent of demixing
of hard segment from soft polyether micro-phase de-
pends on sample series.
The hard segment content and the structure of

PTMG-rich micro-phase seem to be various. Though
�Tg corresponds to the diversity of transition mech-
anisms in soft segment-rich micro-phase, the situation
is observed more clearly in DMTA spectra. The rela-
tion of the width of transition region to the increase of
ion content differs among sample series. As for 10T
series, the transition region has much more gentle
slope and much wider temperature range compared
with that of unionized sample. As for 10P series, the

slope of transition region remains slightly gentler than
that of unionized sample.
The situation of E0 after transition remarkably dif-

fers between PN and BN series. As for both the 10T
and 10P series, E0 of PN series do not show clear rub-
bery plateau and continues to decrease until flow re-
gion. After transition the slope of E0 of 10T-PN suc-
ceeds to that of transition region, and the slope of
10P-PN becomes much gentler than that of transition
region. In contrast to PN series, BN series show clear
rubbery plateau.
Transition intensity of Tg, which is �Cp, corre-

sponds to the quantity of the phase that undergoes
transition, that is, the quantity of transition mech-
anisms that undergo transition. The relation between
the value of �Cp and the increase of ion content also
depends on sample species. As for 10T series, �Cp’s
decrease with increasing ion content. As for 10P ser-
ies, the value of �Cp of PN series does not vary be-
tween 0.2 and 0.4 but that of 0.6 decreases. Reversely,
the value of BN series slightly increases. That is, as
for 10T series the quantity of polyether-rich soft mi-
cro-phase decreases owing to the demixing of hard
segment. As for 10P series, the quantity of PN series
tends to decrease and that of BN series tends to in-
crease.
The temperature of the beginning of flow region of

PN series is lower than that of BN series.
From these, the following are considered.

(1) As for 10T series, as the ion content increases,
the demixing of polar (including ionic) hard seg-
ment from PTMG soft segment proceeds to var-
ious extent. The distribution of inhomogeneity of
micro-phases becomes broad. On the one hand
aggregation of hard segment proceeds, on the
other hand PTMG-rich soft micro-phase becomes
purer but its quantity decreases. The extent of the
above structural change of PN series is greater
than that of BN series.

(2) As for 10P series, as the ion content increases,
the similar structural change occurs but its extent
is smaller than that of 10T series.

(3) PN series of both the 10T and 10P have the mi-
cro-multiphase structure in which the extent of
micro-aggregation of hard segments continuous-
ly varies from low to high, but the strength of ag-
gregation is weak. Contrary to this, BN series
have the structure in which the mixing of soft
with hard segments proceeds to a considerable
extent and give homogeneous rubbery phase after
glass transition.

Ionic Conductivity
In general,20 the ionic conductivity (�) in solid is

expressed by eq. 2
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� ¼ nq� ð2Þ

where n is carrier concentration, q charge, and � mo-
bility of carrier ion. In order to increase �, it is neces-
sary to increase n and �. To increase �, the transpor-
tation of ion in polymer should become easy.
Generally, the micro-Brownian motion of polymeric
chain with low Tg is active and promotes the transpor-
tation of ion. To increase n, it is necessary to increase
the number of introduced ion and to give the structure
that promotes the dissociation of ion pair. So far as the
structure of ion is the same, the dissociation of ion
pair will be enhanced by increasing the dielectric con-
stant of matrix. Therefore, the increase of polar groups
such as ether group will increase n. Accordingly, if the
system is isotropic it is expected that ionic conductiv-
ity will be increased by the increase of ion content, the
increase of the dielectric constant of matrix, and the
lowering of Tg.
In this study, the change of conductivity with in-

creasing ion concentration at 25 �C is considered as
follows.
As for 10T-PN series, the conductivity does not

change appreciably with the change of ion concentra-
tion. Tg is lowered with increasing ion concentration,
but the lowering of Tg is the result of inhomogeneity
brought by demixing and ion aggregation. The inho-
mogeneity is promoted with increasing ion concentra-
tion and will cause the decrease of conductivity. The
actual conductivity will be determined by these con-
tradictory effects.
As for 10T-BN series, the conductivity decreases

with increasing ion concentration. Since the inhomo-
geneity of 10T-BN series is not so large as that of
10T-PN series, 10T-BN series show relatively high
conductivity at 0.2 of ion concentration. However,
as ion concentration increases, the inhomogeneity of
structure is promoted and the conductivity decreased.
As for 10P series, the conductivity of both the PN

and BN series increases with increasing ion concen-
tration. It is considered that the inhomogeneity of
the structure is not significant. Though 10P series have
larger polarity compared with 10T series, which make
the dissociation of ion pair easier and inhomogeneity
of structure weaken, the conductivity is low. This is
considered to be due to the high Tg.
As temperature is elevated from 25 to 100 �C, the

conductivity of all series increases about 1000 times,
reaching equally high level. Two things are noted
from the result of 100 �C. Firstly, though the conduc-
tivity of 10T-BN series at 25 �C decreases with in-
creasing ion content, it increases at 100 �C. That is,
at 100 �C the conductivity of all series tends to in-
crease with increasing ion content. As seen in Figure

4, BN samples are in rubbery state and the aggregated
structures of PN samples are mostly loosened at this
temperature. It is considered that the micro-Brownian
motion of polymer chain becomes so active that the
effect of Tg can be ignored. The loosening of aggre-
gated structure may also contribute to the increase
of conductivity. Owing to these reasons, the conduc-
tivity of all the series is considered to be governed ba-
sically by the increase of ion content as in homogene-
ous structure.
Secondly, contrary to the result at 25 �C where 10T

series showed higher conductivity than that of 10P
series, the situation becomes reverse at 100 �C and
10P series show slightly higher value. This is also ex-
plained as the result that the 10T series approximate
homogeneous structure as well as 10P series and the
larger dielectric constant of PPG matrix forms more
effective carrier ion.
We can summarize the situation as follows. In inho-

mogeneous system, the effective n will not necessarily
be proportional to the stoichiometric ion content. On
the other hand, because � will vary in each micro-
phase of micro-multiphase structure, overall � will
not be simply determined by observed Tg, which is
the Tg of soft segment-rich phase.
Though the conductivity of PU-salt complex sys-

tems has been discussed simply on the basis of added
quantity of salt (n) and Tg,

21–23 it is necessary to elu-
cidate the micro-multiphase structure for the examina-
tion of conductivity in the case of ionic PUs.
The temperature dependence of ionic conductivity

does not follow the Arrhenius equation. However,
the results could be interpreted by using the Vogel24–
Tamman25–Fulcher26 (VTF) equation (eq. 3), which
has been applied to the inorganic molten salt ionic con-
ductor:

� ¼
A

T1=2
exp

�Ea

RðT � T0Þ

� �
ð3Þ

where � is ionic conductivity, T0 ideal glass transition
temperature, T measurement temperature, R gas con-
stant, A a constant, and Ea an apparent activation ener-
gy. From the plots of logð� � T1=2) against 1=ðT � T0Þ,
good straight line fit was observed as shown in Figure
6. The good fitting of VTF equation is in general for
PU-electrolyte complexs.22,23 Ionic PU elastomer in
this study showed it similarly. The fact that the temper-
ature dependence of the ionic conductivity obeys the
VTF equation suggests that it follows free volume
theory, that is, the transportation of carrier ions in ionic
network polymer occurs through free volume, which is
correlated with the movement of its segments.
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CONCLUSION

A series of cationic polyurethane elastomers with
different level of ionization were prepared by using
cationic short-chain diol with pendant trimethyl-
ammonium group, and their thermal and mechanical
properties and ionic conductivity were investigated
in comparison with cationic PU elastomer having qua-
ternary ammonium group in backbone. From these
measurements, the following results were obtained;
(1) Thermosetting cationic PU elastomers with pend-

ant trimethylammonium group were successfully
synthesized by nonsolvent technique by using
prequarternized chain extender.

(2) The difference of polyol types has greater effect
on properties of cationic PU elastomers com-
pared with ionic sites.

(3) The heterogeneity of cationic PU elastomers with
pendant trimethylammonium group is larger than
that with ammonium group in backbone.

(4) The ionic conductivity of cationic PU elastomers
with micro-phase separation, which is not simple
as that with homogeneous structure, is interpret-
ed by considering the effects of structure on the
concentration and the mobility of carrier ion.

(5) Temperature dependence of the conductivity of
cationic PU elastomers obeys VTF equation, sug-
gesting that the transportation of carrier ions oc-
curs through free volume.
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Figure 6. Voyel–Tamman–Fulcher plot for 10T-PN-0.6.
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