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ABSTRACT: Crosslinked polyetherurethane (PEU) copolymer networks consisting of the low 
molecular weight poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) segments with an 

aliphatic diisocyanate were synthesized and complexed with a LiC1O4 salt to form solid polymer 

electrolytes. The ionic conductivities of these samples were measured as a function of PEO 
composition at various temperatures. And a solid 7 Li NMR relaxation technique was used as a 

means of understanding the local environments and dynamics of the lithium ions in the polymer 

electrolytes. The difference in spin-spin relaxation times (T2 ) between two spectral components 
enabled to their separation, and thus we could monitor the mobile Li+ ion concentration and its 

motion as a function of PEO composition and temperature. 
KEY WORDS Copolymer Network / Ionic Conductivity / 7Li NMR Re-

laxation / Polyetherurethane / Poly(ethylene oxide) / Polymer Electrolyte/ 
Poly(propylene oxide)/ 

Polymer electrolytes have been received a 
considerable attention as solid electrolyte ma­
terials in the advanced applications such as 
high energy-density batteries, electrochromic 
devices, chemical sensors and photoelectro­
chemical cells. 1 •2 The great deal of studies to 
date have been carried out on polymer 
electrolytes based on poly(ethylene oxide) 
(PEO) containing the lithium salts. However, 
their high crystallinity decreases the ionic 
conductivity to a level too low to satisfy the 
requirement of room temperature applications, 
since conductivity in semi-crystalline polymer 
electrolytes is mainly achieved through the 
amorphous phase in complexes.3 .4 Various 
attempts have been made to prepare the solid 
polymer electrolytes with the improved ionic 

conductivities and dimensional stability at 
ambient temperature. 5 - 20 Among them, the 
synthesis of crosslinked polyether-urethane 
was found to provide a means to inhibit the 
crystallization and to improve the mechanical 
strength. The most prominently reported net­
works were those arising from the reaction of 
polyfunctional isocyanates with homopolyols 
poly(ethylene glycol) (PEG) only12 - 15,i 9 , 2o or 
poly(propylene glycol) (PPG) only12 , 14, 16 - 1 s_ 
It is conceivable that the controlled composi­
tional changes in the polyether segments 
composed of both PEO and poly(propylene 
oxide) (PPO) affect the carrier generation and 
migration in polymer electrolytes prepared 
with them. 

In this study, we prepared the polyether-

1 To whom correspondence should be addressed. 
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urethane copolymer networks composed of 
both a crystalline PEO and an amorphous 
PPO. The presence of ethylene oxide (EO) units 
is expected to make these networks better 
solvent for polymer electrolyte materials, while 
the propylene oxide (PO) units can inhibit 
the crystallization of polyetherurethane (PEU) 
networks. We changed the composition of 
polyether segments in order that ionic con­
ductivities. of the polymer electrolytes could be 
optimized. 

The application of NMR techniques in 
polymer electrolyte studies has been a poten­
tially powerful tool for exploring both the 
structural and dynamic nature of polymer 
electrolytes. 13•21 - 28 Especially, the correlation 
of the conductivity with ionic motion in 
microscopic level could be envisioned through 
NMR relaxation studies. Thus, we carried out 
the 7Li NMR relaxation experiments for 
investigating the temperature and PEO compo­
sition dependence of the spin~spin relaxation 
times and fractions for the mobile Li+ ions, 
and correlated these measurements with con­
ductivity results. 

EXPERIMENT AL 

Materials 
Triol type PPO (MW: 3000) was obtained 

from Korea Polyol Co. and the volatile com­
pounds in the sample were removed under 
reduced pressure at 80°C for 6 h before use. 
Commercial sample of diol type PEO (MW: 
2000) was supplied by Aldrich Chemicals Co. 
and used without any further purification. 
Their chemical structures and DP were checked 
by 1H NMR spectroscopy. Anhydrous LiC1O4 

supplied by Aldrich Chemicals Co. was dried 
at 120°C in a vacuum oven overnight. 

PEU networks were prepared by the cross­
linking reaction of PPO triol and PEO diol 
with hexamethylene diisocyanate (HDI) in the 
presence of small amounts of dibutyltin 
dilaurate as a catalyst. With respect to the 
functional groups, stoichiometric amounts of 
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PEO, PPO were mixed sufficiently with excess 
amount of HDI for driving the faster chain 
extension rate in dichloromethane, and the 
reacting solution was poured into the glass 
substrate. The cross.linking reaction occurred 
at 80°C under dry nitrogen atmosphere for 
48 h. The reaction rate seemed to be moderate, 
since the used diisocyanate in this reaction was 
not aromatic but aliphatic. However, the 
network structures based on aliphatic dis­
socyanate are expected to have a higher 
flexibility than the polyether networks based 
on aromatic diisocyanate such as toluene 
dissocyanate (TDI), since the crosslinking 
points having aromatic rings tend to make 
resulting polymer rather rigid, and con­
sequently the segment motion of the polymer 
chain is somewhat inhibited. The crosslinked 
PEU elastomers are washed twice with acetone 
to remove completely the residual soluble low 
molecular fractions, and then dried in a vacuum 
oven at 80°C for 24 h. In this study, poly­
etherurethanes in the weight ratio of polyols 
in the feed (PEO: PPO), 0: 10, 2: 8, 4: 6, 6: 4, 
8: 2, 10: 0 were prepared. The PEU network 
samples are designated as PEUx, where x means 
the relative PEO weight ratio with respect to 
the total polyethers (i.e., PEO and PPO). It 
should be noted that PEU 100 has the linear 
structure instead of three dimensional form, 
since only linear PEO diol and HDI are used 
in the absence of PPO trio!. 

Preparation of Polymer Electrolytes 
The pre-weighed PEU networks are swollen 

in solutions of LiC1O4 in acetone allowing the 
salt to diffuse into the network films. They are 
dried at 60°C under vacuum and weighed 
again. In order to ensure a uniform dissolution 
ofLiC1O4 through the polymer film, immersion 
was continued until the weight change of the 
film before and after immersion reached a 
constant level. The weight difference then gives 
the concentration of salt dissolved in the 
polymer electrolytes. In this study, the 
concentration of salt in all of the polymer 
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electrolytes was fixed to be constant (Li+ /0 
0.075) in order to neglect the effect of salt 
concentration. 

Conductivity Measurement 
Polymer electrolyte films were sandwiched 

between two stainless steel electrodes (12 mm 
in diameter). The ionic conductivity of the 
polymer electrolyte film was measured by 
complex impedance analysis using a Solatron 
1255 frequency response analyzer coupled to 
an IBM PS/2 computer over a frequency range 
of 0.1 Hz-l0MHz. The real and imaginary 
parts of the complex impedance were plotted, 
and the ionic conductivity (a) could be obtained 
from the bulk resistance (Rb) found in complex 
impedance diagram. 

7Li NMR 
The solid state 7Li NMR experiments were 

performed on a Bruker-MSL-200 NMR spec­
trometer with a magnetic field of 4. 7 T cor­
responding to a 7 Li resonance frequency of 
77. 7 MHz. The polymer electrolyte film was 
transferred into a NMR tube, subsequently 
sealed to prevent access of humidity to the 
sample. The spin-spin relaxation time (T2 ) was 
determined using the spin-echo technique by 
applying 90°-,-90° pluse sequences and ob­
serving an echo at time 2-r. The temperature 
of the sample was controlled to within ± 1.0°c 
with a Bruker temperature regulating system 
in the temperature region 298 - 348 K. 

Thermal Analysis 
The differential scanning calorimetry (DSC) 

studies were carried out to determine the glass 
transition or melting temperature of the sample 
using a Du Pont 9900 instrument. Samples were 
loaded in hermetically-sealed aluminum pans 
and measurements were taken over a tempera­
ture range of - 100 to 100°C at a heating rate 
of 20°c min - 1 . The recorded Tg was taken as 
the inflection point and Tm was given as the 
peak temperature of the melting endotherm. 
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RESULTS AND DISCUSSION 

DSC Analysis 
The representative DSC thermograms of 

PEG, PPG, and PEU 40 are shown in Figure 
1, and the DSC results are summarized in Table 
I. The degree of crystallinity for the PEO diol 
was about 88%, and Tg could not be detected. 
For the PPO trial and the pure PPO network 
(PEU 0), the melting could not be observed, 
indicating that they were completely amor­
phous. With the incorporation of PEO in PEU 
network, melting peak appeared, and both the 
values of Tm and AHm increased with PEO 
composition. However the crystallinity of PEO 
in PEU copolymer networks was significantly 
reduced as compared with PEO homopolymer, 
which is probably due to the crosslinking with 
an amorphous PPO. The melting temperatures 
of the PEU copolymer networks were near the 
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Figure 1. DSC thermograms of PEG, PPG, and PEU 
40: (a) PEG; (b) PPG; (c) PEU 40. 

Table I. The DSC results of PEO diol, 
PPO trio!, and PEU networks 

Sample T, Tm /t,.Hm Crystallinity /% 

PEO 2000 57 179.3 88 
PPO 3000 -58 
PEU 0 -39 
PEU 20 -39 21 2.0 
PEU 40 -43 26 8.6 4 
PEU 60 -45 26 20.2 10 
PEU 80 -46 24 36.4 18 
PEU 100 -50 30 45.7 23 
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Table II. The DSC results of polymer electrolytes based on PEU networks 

Polymer electrolytes r. 11r; Tm /'J.Hm LiC1O4 wt% Li+/O 

PEU 0/LiC\O4 -25 14 11.l 0.076 
PEU 20/LiCIO4 -24 15 13.1 0.086 
PEU 40/LiC1O4 -23 20 12.2 0,075 
PEU 60/LiC1O4 -20 25 12.8 0.074 
PEU 80/LiC1O4 -13 33 13.5 0,075 
PEU 100/LiCIO4 -II 39 28 8.2 (4)h 13.8 0.073 

• /'J.T• represents the difference of T8 between the pure PEU network and the PEU/LiCIO4 complex. 
h The value in the parenthesis means the crystallinity estimated with heat of fusion (/'J.Hm). 

room temperature (21-30°C), and thus these 
polymers seemed to exhibit the amorphous 
structure at the room temperature. It was also 
found that the Tg values of PEUs decreased 
with PEO content. This result may be due to 
the fact that the crosslinking density decreases 
with the content of linear flexible PEO chain. 
With the DSC results, the phase separation 
between the two phases (PEO and PPO) could 
not be observed. 

The DSC results of polymer electrolytes 
prepared with same LiC1O4 concentration are 
given in Table II. The PEU 100/LiC1O4 com­
plex shows a melt transition in addition to 
the glass transition. However, the other PEU/ 
LiC1O4 complexes exhibit only the glass tran­
sition in the DSC thermograms, which indi­
cates that these complexes become completely 
amorphous by incorporating of LiC1O4 • The 
data in this table also exhibit a larger value 
of 11.Tg with increasing the PEO content, which 
probably results from the stronger solvating 
property of the EO unit in comparison to the 
PO unit in the network. Ionic dissociation is 
relatively restrained in PPO as compared to 
PEO phase, because the dielectric constant of 
PPO is lower than that of PEO, and the bulky 
methyl groups in PPO hamper the interaction 
between the lithium cations and the oxygen 
atoms on PPO. The strong ion-dipole interac­
tion in PEO-rich network, thus, provokes a 
more significant reduction (ATg) in the poly­
ether segmental mobility as compared to PPO­
rich network at same salt concentration. 
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Figure 2. Ionic conductivities of PEU/LiCIO4 complexes 
as a function of PEO composition in copolymer networks 
at various temperatures. 

Ionic Conductivity 
Figure 2 shows the conductivity variations 

as a function of PEO composition in the 
temperature range of 15-75°C. The optimum 
PEO composition at which the conductivity 
passes through a maximum was observed 
below 35°C. This behavior may be related to 
the number of charge carriers, the ionic 
mobility related with ion-polymer interaction 
and the crystallinity of polymer electrolyte. 
There is a build up of charge carriers as the 
PEO content is increased, since the abundance 
of EO units makes these materials better 
solvents for dissolving LiC1O4 as explained 
above. However, the slight decline of con­
ductivity may be due to the absence of PO units 
to function as irregularities which inhibit 
crystallization of the polymer electrolytes, since 
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ionic transport is impeded in the crystalline 
region. Moreover, the strong ion-polymer 
interaction in PEO-rich PEU networks can re­
duce the ionic mobility. Thus, the appearance 
of the maximum conductivity can be attributed 
the addition of two opposing effects. As can 
be seen in this figure, polymer electrolyte 
containing 80% PEO has the highest con­
ducitivity of about 7 .2 x 10- 6 S cm - 1 at room 
temperature. This result suggests that the 
proper change of network composition can 
bring about an increase of the ionic con­
ductivity at ambient temperature. However, at 
higher temperature, the increase of free volume 
due to the destruction of crystallinity as well 
as the weaker ion-polymer interaction could 
lead to an easier ionic diffusion. The continuous 
increase of conductivity with PEO content, 
thus, may be related to the increase in carrier 
concentration as well as carrier migration. 
From the temperature dependence of ionic 
conductivity of each sample, it is observed that 
activation energy is increasing as a function of 
PEO composition in solid polymer electrolytes. 

7 Li NMR 
The 7 Li NMR experiments were undertaken 

to supplement the information obtained from 
the measurement of ionic conductivity. The 7 Li 
NMR spectrum of the solid polymer electrolyte 
was a superposition of a narrow component 
and a considerably broader component. The 
reasonable source of narrow component with 
longer T2 is a highly mobile lithium ion (which 
is contribute to the ionic conduction), while 
the broad component with shorter T2 is 
attributed to tightly bound lithium species 
(ion-pairs that have aggregated into clusters) 
just as we have already reported. 9 •28 In fact, 
ion pairing and ion aggregation are expected 
to slightly immobilize the Li+ ions, which result 
in broadening the line shapes. The T2 values 
and relative intensities of these samples were 
estimated from the plot of the echo intensity 
vs. decay time (2r) as shown in Figure 3. 
Decomposition of the multiple decays into two 
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Figure 3. 7 Li echo intensity vs. decay time for PEU 
60/LiC1O4 at 25°C: (a) overall intensity (The symbols 
represent the solid echo data and the solid line is sum of 
two components resolved); (b) slow component (long T2 ) 

resolved from overall intensity; (c) fast component (short 
T2 ) resolved from overall intensity. 

Table III. The fraction of free lithium ions 
and the spin-spin relaxation times in 

PEU/LiC1O4 complexes at 25°C 

Polymer 
T,1• T22b 

electrolyte XF 

ms ms 

PEU 0 0.06 0.10 0.01 
PEU 20 0.18 0.13 0.02 
PEU 40 0.33 0.14 0.02 
PEU 60 0.52 0.22 0.04 
PEU 80 0.59 0.19 0.04 
PEU 100 0.66 0.12 0.03 

• Spin-spin relaxation time of the free mobile lithium 
nucleus in polymer electrolyte. 

b Spin-spin relaxation time of the tightly bound lithium 
nucleus in polymer electrolyte. 

components followed the established proce­
dure. 9 The T2 values and relative intensities 
(xF) of free mobile lithium ions estimated from 
the two resolvable components at 25°C are 
summarized in Table III. From the data in this 
table, it is found that xF ranges from 0.06 to 
0.66 as a function of PEO composition. It 
therefore seems unlikely that there would be a 
complete dissociation of added salt in solid 
polymer electrolytes. In fact, since the dielectric 
constants of these samples are rather low 
(e=S.1-10.6, from impedance analyses at 
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room temperature), the dissociation is expected 
to be incomplete. And it is shown that xF 
increases with PEO content in PEUs. The 
increase in the number of charge carriers with 
PEO composition is probably attributed to the 
better solvating property of the EO unit than 
that of the PO unit. This result was previously 
confirmed with the change of Tg by the DSC 
analysis of polymer electrolytes. It is also found 
that the T21 value proportional to the mobility 
of free mobile lithium ion increases ion in­
creases as the PEO composition increases up 
to 60, and it decreases beyond the maximum 
with further increasing PEO content. This 
phenomenon is closely related with the 
ion-polymer interaction in polymer elec­
trolytes. The number of crosslinking points 
decreases and the amount of linear flexible EO 
units increases with PEO content, and thus the 
ionic mobility increases up to 60% PEO 
composition. While the decline in T21 beyond 
the maximum is probably associated with the 
reduction of mobilities of free mobile cations 
due to the strong ion-polymer interaction 
promoting the salt solvation. Thus, it is 
concluded that the drop in ambient tempera­
ture conductivity at higher PEO content 
(Figure 2) is related to the decreasing of ionic 
mobility rather than the number of change 
carriers. These results suggest that the balance 
should be required for optimum conductivity 
in polymer electrolyte in which the ion-poly­
mer interactions must be sufficiently strong to 
generate the charge carriers (free mobile ions), 
but excessively strong association may suppress 
the ionic motion at ambient temperature in this 
system. 

With the solid echo data as a function of 
temperature, the fraction of free lithium ions 
(xF) and their spin-spin relaxation times (T21 ) 

could be also estimated at various tempera­
tures. Only the fraction of free Li+ ions which 
have long T2 values (xF) is responsible for the 
ionic conduction, the temperature dependence 
of xF may be explained by a dissociation 
equilibrium. The relative intensities of the free 
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Figure 4. The relative concentration of free mobile 
lithium ion vs. reciprocal temperature in polymer electro­
lytes. 

mobile lithium nuclei for all the polymer 
electrolytes considered in our study as a 
function of reciprocal temperature are plotted 
in Figure 4. From Figure 4, it is clearly found 
that the number of charge carriers is increased 
with increasing PEO composition over all the 
temperature range studied. These NMR results 
indicate that the number of free mobile ions 
which contribute to the ionic conductivity is 
always more abundant in PEO-rich PEU 
complex, which may be related to the better 
solvating power of PEO than that of PPO as 
explained above. It is also found that there is 
an increase in mobile lithium ions with in­
creasing temperature. If these phenomena are 
interpreted as a temperature dependent ion 
dissociation process, it is apparent that the total 
carrier concentration changes by only a small 
amount in the temperature range of 25-75°C. 
Especially, it is noted that the fraction of mobile 
lithium ions of PEU 0/LiC1O4 complex can be 
compared with that previously reported for 
crosslinked PPO/LiC1O4 complex by Wata­
nabe et al., 18 although the chemical structures 
between two systems are different in terms of 
diisocyanate linkages. They reported that the 
degree of dissociation of LiC1O4 calculated 
from the ionic mobility measurement in PPO 
network with TDI linkage was 1.5-6.0% at 
the temperature ranges of 43-98°C, while its 
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Figure 5. Arrhenius plot of the 7Li spin-spin relaxation 
times of free mobile lithium ions in polymer electrolytes: 
D, PEU 0; ., PEU 20; 0, PEU 40; e, PEU 60; 6., PEU 
80; .&., PEU 100. 

Table IV. The activation energies estimated from 
the ionic conductivities and 7Li NMR results 

in the temperature range of 25~75°C 

E. (eV) calculated E. (eV) calculated 
Polymer from ionic from 

electrolyte conductivity 7Li NMR 

PEU 0/LiCIO4 0.36 0.28 
PEU 20/LiC1O4 0.39 0.26 
PEU 40/LiCIO4 0.38 0.25 
PEU 60/LiC1O4 0.34 0.26 
PEU 80/LiC1O4 0.40 0.32 
PEU I00/LiCIO4 0.59 0.44 

value was shown to be 6.2-12.6% from our 
7Li NMR relaxation measurement at the 
temperature ranges of 25-75°C. 

The T21 values associated with the mobilities 
of free lithium ions as a function of temperature 
are also shown in Figure 5. From the plot of 
ln(T21 ) vs. 1/T, the activation energies for ionic 
migration are calculated. In an attempt to 
compare these results with the ones obtained 
from conductivity measurements, the activa­
tion energies are also approximately calculated 
from the ln (J vs. 1/T by using the conductivity 
data in Figure 2, the results are summarized 
in Table IV. It is noteworthy that NMR ac-
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Figure 6. The 7 Li spin--spin relaxation times of free 
mobile lithium ions as a function of PEO composition at 
various temperatures: D, 25; ., 35; O, 45; e, 55; 6., 65; 
._, 75°c. 

tivation energies are always lower than con­
ductivity activation energies, probably due to 
the sensitivity of 7 Li NMR to only localized 
motions. That is to say, the activation energies 
obtained from 7Li NMR results do not include 
the ion-ion and ion-polymer interactions as 
well as the temperature dependence of the 
number of carrier ions, which must be 
considered in conductivity measurements. It is 
also important to note that the T21 value 
(Figure 5) increased about an averaged factor 
of 6.4 from 25 to 75°C, while the concentra­
tion of free ions (Figure 4) increased by only 
a factor of 1.8 within the same temperature 
range. These results suggest that the ionic 
transport plays a much greater role than carrier 
generation according to the variation of 
temperature in ionic conductivity mechanism. 
A similar conclusions have been also drawn by 
Wintersgill et al. 29 (from the 23Na NMR 
measurement in crosslinked DMS-EO copoly­
mer/NaCF3COO complex) and Watanabe et 
a/. 18 (from the mobility measurement in 
crosslinked PPO/LiC104 complex). 

The influence of PEO composition on ionic 
mobility (T2) at a given temperature is wll 
represented in Figure 6. It is found that there 
is a PEO composition at which the T21 value 
passes through a maximum, just as the change 
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in conductivity with PEO composition shows 
a maximum at lower temperature. This 
maximum is shown to be displaced to higher 
PEO composition as the temperature increases. 
At higher temperature, the increase of free 
volume due to the destruction of crystallinity 
and weaker salt-polymer interaction according 
to increase of temperature leads to an easier 
ionic migration in spite of abundance in charge 
carriers in PEO-rich PEU complex which has 
lower degree of crosslinking density. From the 
results discussed with the above 7Li NMR and 
conductivity data, we can suggest with con­
fidence that the larger concentration of free 
mobile ions and the higher ionic mobility in 
PEO-rich PEU/LiC1O4 complex than in PPO­
rich PEU/LiC1O4 complex gives rise to a larger 
conductivity at higher temperature, while the 
restriction of ionic mobility due to the strong 
ion-polymer interaction causes the reduction 
of ionic conductivity in spite of abundance in 
the number of charge carriers at lower tem­
perature. 

CONCLUSION 

Polyetherurethane networks consisting of a 
crystalline PEO and an amorphous PPO were 
synthesized and complexed with a LiC1O4 salt. 
Variation of the PEO/PPO ratios in the PEU 
copolymer networks enabled to optimization 
of ionic conductivity at lower temperature 
(15-35°C), while the continuous increase in 
conductivity was observed with increasing of 
PEO content at higher temperature (45-75°C) 
range. For all the systems studied in our study, 
the ionic conductivity values were higher than 
10- 6 S cm - 1 at 25°C. The 7 Li NMR relaxation 
results in PEU networks showed that the 
lithium ions existed in at least two environ­
ments, indicating that the presence of a mo­
bile lithium species as well as a less mobile 
component confined in the polymer network. 
We could monitor the relative ionic mobility 
and the fraction of free mobile ions contribut­
ing to the ionic conductivity as a function of 
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PEO composition and temperature. 
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