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ABSTRACT: Three polyurethane electrolytes, linear polyurethane (LPU), hybrid of linear and hyper-
branched polyurethane (MHPU), and low cross-linked copolymer of linear and hyperbranched polyurethane
(CHPU) complex with LiClO,4, were studied using conductivity, FTIR, Raman, and *3C, *H, and "Li solid-
state NMR measurements. The best conductivity value measured at 25 °C was 2.7 x 1077 S cm™! at
about a EO/L.i ratio of 8 for the LPU electrolytes. At a higher salt concentration (EO/Li = 4), the MHPU
and CHPU electrolytes reached its maximum conductivity, 1.35 x 10°% and 1.51 x 10> S cm™,
respectively. FTIR, Raman, and **C NMR analysis showed that hyperbranched polymer could function
as a “solvent” for the lithium salt. Correlation times and the activation energies for the polymer segmental
and the lithium hopping motions were determined from the temperature dependence of the spin—lattice
relaxation of the polymer (*H) and lithium (“Li). The correlation time and activation energy for the lithium
hopping motions in the CHPU electrolytes had a relatively low value. This indicated that lithium ion
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transport was easier in such a system.

1. Introduction

Solid polymer electrolytes (SPEs) formed by complex-
ing a polymer with alkali metal salts have received
considerable attention, especially because of their po-
tential applications in solid-state batteries and electro-
chromic devices. The ionic conductivity of SPE is due
to the motion of dissolved ionic species in a polymeric
matrix. It is well established that the ionic mobility is
promoted by segmental motion of the polymer host and
that the conduction takes place in the amorphous phase
of the SPE.

The deliberate introduction of branches into polymeric
materials has become a topic of considerable interest
and activity in the past few years.!~®> Hawker et al.®
introduced a concept of hyperbranched polymer elec-
trolytes. An interesting feature of the hyperbranched
poly(ethylene glycol) (PEG) derivatives is their lack of
crystallinity. Usually these hyperbranched show no
melting points in the thermal analytical traces. There-
fore, the amorphous nature of the hyperbranched mac-
romolecules allows these materials to be successfully
used as polymer electrolytes with no detrimental effects
due to crystallization. The nonentangled state of hy-
perbranched macromolecules imposes rather poor me-
chanical properties and results in brittle polymer. This
disadvantage could be avoided by copolymerized or
mixed with linear polymer.

Infrared (IR) and Raman spectroscopy have proved
to be powerful tools to probe salt—polymer interactions
and the type of charge carriers responsible for the
conduction by providing information in band positions,
intensities, and band shapes. This is important for
determining the species of the microstructures in the
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electrolyte by exploring the spectral changes of most of
the interesting functional groups in the polymer elec-
trolyte.

Most methods used to characterize the polymer
electrolytes such as ionic conductivity, thermal proper-
ties, and others do not separate the roles of the anions
and cations. Solid-state NMR has the advantage of being
able to selectively measure the dynamics of the different
species in the polymer electrolytes.”~12 Measurements
of spin—Ilattice relaxation rates as a function of tem-
perature have been used to study the correlation
between the cationic and the polymer chain segmental
motions in SPEs.

In the present work, linear polyurethane, hybrid of
linear and hyperbranched polyurethane, and low cross-
linked copolymer of linear and hyperbranched polyure-
thane were selected separately as polymer matrix.
Conductivity, the complex interaction behavior between
polymer and LiClOy4 salt, and *H and 7Li NMR spin—
lattice relaxation measurements as a function of tem-
perature in the polymer electrolytes were reported. The
mobility of ions in SPE depends on the local dynamics
of the polymer chain segments. Combined application
of IH and “Li NMR measurements can give us real
insight into the physical properties concerning both
dynamics. By using FTIR, Raman, DSC, and solid-state
NMR analysis, the effect of hyperbranched structure on
conductivity of polymer electrolyte was investigated.

2. Experimental Section

Materials. LiClIO4 was dried under reduced pressure prior
to use. The linear polyurethane (LPU) was synthesized from
4,4'-diphenylmethane diisocyanate (MDI), 1,4-butanediol (BD),
and PEO (M, = 1000). The molar ratio of MDI:BD:PEO was
3:2:1. The structural formula is as follows:

e OCNH—C)— CHy—~CO)— NHOD e~ CH,CH;0 oo
LPU
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The synthesis procedure of the hyperbranched polyurethane
(HPU) has been described in detail in our previous report.?
The structural formula is as follows:

HOCHCHO CHCHO
O
—fochcnockcro OCHCHO CHCHO
@NHC(}
—foccrocueno OCHCHO CHCHO "
E: :>—NHC
HOCHCHO CHCHO !

The hybrid of linear and hyperbranched polyurethane (MHPU)
contained 30% of HPU.

Low cross-linked copolymer of linear and hyperbranched
polyurethane (CHPU) was synthesis using the synthesis
procedure of HPU. Part of BD was replaced by HPU, which
had many hydroxyl groups in the terminal. Low cross-linked
copolymer was acquired by controlling the ratio of NCO/OH.
The weight percent of hyperbranched polyurethane in copoly-
mer was also 30%.

Preparation of Polymer Electrolyte Film. The polymer
and LiClO4 were solvated in THF, and then the solution was
cast into a Teflon plate. A film formed at ambient temperature,
and it was dried in a vacuum oven at 60 °C for 48 h.

Conductivity Measurement. The complex impedance
spectra were measured from 25 to 100 °C using a Hewlett-
Packard 4192A LF impedance analyzer over a frequency range
of 1 Hz—1 MHz. The films were cut to a required size (10 mm
in diameter and 0.2—0.3 mm thick) and were sandwiched
between two copper electrodes.

FTIR and Raman Measurement. The IR spectra were
recorded at ambient temperature on a Perkin-Elmer model 963
FTIR spectrophotometer in the range 400—4000 cm~* with a
wavenumber resolution of 2 cm~t. The Raman spectra were
performed at room temperature in the range 50—3500 cm™*
with a wavenumber resolution of 2 cm~1. The spectra were
recorded on a Bruker model EQUINOX-55 infrared—Raman
spectrophotometer with a Raman module FRA 106 and a near-
infrared YAG laser with wavelength 1064 nm. Band decon-
volution of the Raman spectra was obtained by using a
Gaussian—Lorentzian sum, and a constant baseline had been
subtracted in the deconvolution figures in order to do the
analysis. The maximum error associated with the fit was
estimated to less than 5%.

Solid-State NMR Measurement. High-resolution solid-
state 13C NMR experiments were carried out on a Bruker DSX-
300 spectrometer operating at resonance frequencies of 300.13
and 75.47 MHz for *H and 3C, respectively. The 13C CP/MAS
spectra were measured with 4.1 us, 90° pulse angle, 500 us
contact time, 5 s acquisition time, and with 1000 scans. All
NMR spectra were taken at 298 K with broad-band decoupling,
normal cross-polarization pulse sequence, and a magic angle
spinning (MAS) of 5 kHz.

The T, measurements were performed using the inversion
recovery (i.e., 180°—t—90°—Acq). The 90° pulse widths for 'H
and “Li were 2.5 and 8.6 us, respectively. For the 'Li NMR
operating was used at 116.6 MHz.

HPU

3. Results and Discussion

lonic Conductivity. Figure 1 showed the salt con-
centration dependence of the conductivity and the
lithium salt concentration from a EO/L.i ratio (EO is the
number of ether oxygen of the polymer) of 2.0 to 32 for
the polymer electrolytes based on LPU, MHPU, and
CHPU. The conductivity maximum, 2.7 x 1077 Scm™?
at 25 °C, of linear polyurethane-based polymer electro-
lyte appeared at about a EO/L.i ratio of 8. The conduc-
tivity based on MHPU and CHPU keeps increasing over
a much larger range of salt concentration. At about the
EO/Li ratio of 4, the conductivity reaches its maximum,
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Figure 1. Salt concentration dependence of ionic conductivity
of polymer electrolytes.
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Figure 2. Temperature dependence of ionic conductivity of
polymer electrolytes.

Table 1. Results of Regressing the Arrhenius Equation
onto the Conductivity Data for the Polymer Electrolytes

sample EO/Li log(oo/S cm™1) Ea (kJ/mol)
LPU-4 4 10.74 46.05
MHPU-4 4 8.21 35.21
CHPU-4 4 7.99 31.79

1.35 x 1076 S cm~! for MHPU/LiCIO4 samples and 1.51
x 107° S cm~1 CHPUI/LICIO, samples. After the maxi-
mum value, the conductivity decreases quickly with the
increasing lithium salt concentration for all the three
polymer electrolyte samples. This behavior is similar
to most of the salt concentration dependences of polymer
electrolytes.

At a EO/Li ratio of 4, the temperature dependence of
the conductivity is shown in Figure 2. It could be found
that the CHPU-4 sample had the highest conductivity.
The difference in conductivity, measured for the three
samples, can be interpreted as due to the different salt
solvating capability, polymer chain segmental motions,
and lithium hopping motions in the electrolytes.

The conductivity increased with increasing temper-
ature. The temperature dependence of o was well
described by the Arrhenius equation

o = o0y exp[—E,/RT] ()

where oo was preexponential factors and E, was the
activation energies. The parameter estimates deter-
mined from regressing eq 1 onto the data are given in
Table 1.

FTIR Spectra Analysis. Polymer electrolytes based
on LPU, MHPU, and CHPU show similar thermal and
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Figure 3. FTIR spectrum of LPU-4, MHPU-4, and CHPU-4
samples (ether group).

Absorptivity (%)

T T T T T T T
1780 1760 1740 1720 1700 1680 1660 1640 1620
Wave Number (cm'ﬂ)

Figure 4. FTIR spectrum of LPU-4, MHPU-4, and CHPU-4
samples (carbonyl).

electrochemical behavior but exhibit different conduc-
tion performance. FTIR spectroscopy was employed to
study the interaction behavior between the ion and the
polymer host. Figure 3 showed the ether group absorp-
tion peaks of the LPU-4, MHPU-4, and CHPU-4 samples.
The band centered at around 1107 cm~! was attributed
to the stretching of free ether groups, whereas the band
at about 1070 cm~! was assigned to the bonding degree
of Li™ with ether groups.'* It could be found that the
absorption of the bonded ether groups of MHPU-4
increased slightly more than that of LPU-4, and the
absorption of the bonded ether groups of CHPU-4
increased slightly more than that of MHPU-4 corre-
sponding to the free ether groups.

Figure 4 showed the carbonyl absorption peaks of the
LPU-4, MHPU-4, and CHPU-4 samples. The band
centered at about 1726 cm~! was attributed to the
stretching of free urethane carbonyl groups, whereas the
band at about 1703 cm~! was assigned to the bonding
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degree of Li* with carbonyl groups.14~16 The absorption
of the bonded carbonyl groups of MHPU-4 and CHPU-4
samples had a large increase than that of LPU-4 sample
corresponding to the free groups. This indicated that
the bonding degree of Li* in MHPU-4 and CHPU-4
samples was higher than that in LPU-4 sample, and
the addition of hyperbranched polymer was helpful to
improve the coordination degree of carbonyl groups with
Lit.

It was interesting to find that a third band centered
at about 1667 cm~! appeared in the curve of CHPU-4
sample. According to our research, this band was not
observed at low salt concentration (EO/Li =30). This
band could be attributed to bonded carbonyl groups and
might be related to the characteristics of carbonyl
groups in low cross-linked copolymer of linear and
hyperbranched polyurethane. It was obviously that this
low cross-linked structure further improved the coor-
dination degree of carbonyl groups with lithium ion.

It has been commonly accepted that lithium interacts
to a certain extent with the oxygen in the oxyethylene
segment in a polymer electrolyte. In the conduction
process, the lithium ion moves from one oxygen coor-
dination site to another. From the FTIR analysis, it
could be found that carbonyl also play an important role
in the conduction process in polyurethane electrolyte
systems.

Raman Spectra Analysis. The Raman spectra band
between 920 and 960 cm~! was associated with the
anion symmetric stretching mode (v1). It is usual to
investigate this band to study the ion—ion interaction.
Figure 5 showed the three Lorentzian fittings of the v;
band. The first peak (peak I) around 931 cm~! was very
close to the frequency of the v, band of perchlorate anion
in solution, which was assigned to free ions.17~20 The
second peak (peak Il) around 938 cm~! was usually
assigned to ion pairs.’®2! The third peak (peak I11)
around 945 cm~! observed in the spectra indicated the
presence of trimers, tetramers, or higher order ionic
clusters of sub-microscale (aggregates).1”?! The fourth
Lorentzian peak around 957 cm~! was not observed
here, which frequency corresponds to that of the salt
crystal.19.20

The fraction of ion pairs and aggregates of MHPU-4
was lower than that of LPU-4. When copolymerization
and low cross-link occurred in CHPU-4, the salt ag-
gregates disappeared and the area fraction of ion pairs
also decreased to 9.4% (Table 2). Combined with the
result of FTIR analysis, it could be concluded that the
hyperbranched polymer could dissolve more salt and
function as a “solvent” for the lithium salt, and the
copolymerization between hyperbranched and linear
polyurethane enhanced this function.
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Figure 5. Raman band associated with the CIO,~ v; mode fitted by the sum of Lorentzian lines.
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Figure 6. 3C CP/MAS NMR spectra of C=0 peaks at room
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Figure 7. 3C CP/MAS NMR spectra of CH,CH,O peaks at
room temperature.

Table 2. Relative Proportions of the Different lonic
Species for the Polymer Electrolytes

peak area (%)

sample EO/Li | 11 11
LPU-4 4 70.2 247 5.1
MHPU-4 4 81.5 17.1 14
CHPU-4 4 90.6 9.4 0

Solid-State NMR Analysis. The 13C CP/MAS NMR
spectrum was used to characterize the interaction
behavior between polyurethane and LiClIO, complex.
Figures 6 and 7 showed the scale expanded 3C CP/MAS
NMR spectra of C=0 and CH,CH,0 peaks of MHPU-4
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and CHPU-4 at room temperature. The C=0 resonance
of the polyurethane was assigned at 150—162 ppm,
which has two peaks: one centered at about 155 ppm
and the other centered at about 160 ppm. This means
two different states of carbonyl existed. The areas of
peak at about 160 ppm of CHPU-4 increased compared
to that of MHPU-4. The peak at 50—85 ppm was
assigned to the resonance of the CH,CH,O group in
polyurethane electrolytes. The resonance of the MH-
PU-4 had two peaks: one centered at about 69.0 ppm
and the other centered at about 65.5 ppm, which could
not be found in the curve of CHPU-4. This indicated a
different coordination degree between urethane carbo-
nyl, ether group, and lithium ion in the MHPU-4 and
CHPU-4 samples.

Figure 8 shows the temperature dependence of 'H and
“Li spin—Ilattice relaxation time. The magnetization
recovery toward equilibrium in these systems is found
to be an exponential described by a single T; value. T,
minima were observed in each of the samples for 1H and
“Li resonances.

The spin—lattice relaxation time at the Larmor
frequency wo peaks at a given temperature, Tmin, at
which the condition were = 2vore ~ 1 is fulfilled. For
the H and “Li resonances, vo = 300.13 and 116.6 MHz,
respectively. We could get a value for the correlation
time, 7., for the motion causing the relaxation. In most
cases, assuming a thermally activated process, the
relaxation time will depend on temperature through an
effective correlation time expressed by an Arrhenius
function.

T, = 75 eXp[E/RT] 2)
The Bloembergen, Purcell, and Pound (BPP) equation

described homonuclear spin—lattice relation by dipole—
dipole interaction??

Lo 4T @3)
T 1+ 01?1+ 40,7t}
where
3 1
cC=—yhY — 4
" JZ s 4)

y is the gyromagnetic, r is the separation between
dipoles (e.g., the H—H distance), and the summation
index j is over all interacting dipoles.
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Figure 8. Temperature dependence of the *H and “Li spin—lattice relation time (T4).
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Figure 9. Temperature dependence of the *H and “Li correlation time (z).

Table 3. Ea and 7o Obtained from the Spin—Lattice
Relaxation Times

polymer segmental motion lithium hopping motion

EA EA
(kJ/mol) 7o x 1012 (s)  (kJ/mol)

sample 70 x 1012 (s)

LPU-4 0.36 21.6 0.13 27.8
MHPU-4 2.05 17.0 0.14 24.3
CHPU-4 1.00 18.5 0.58 21.2

In a similar way, the T of the lithium resonance “Li
(I = 3/5) due to the quadrupolar mechanism can be
analyzed by eq 3 by redefining C as

C=_2~ (5)

where wq is the hyperfine quadrupolar coupling con-
stant.

Using egs 2 and 3, it was possible to calculate 7. at
every temperature as shown in Figure 9. The Ea and
preexponential factors, 7o, of the polymer segmental and
Li hopping motions determined from the 7. values were
tabulated in Table 3.

The polymer undergoes the fast segmental motions
and correlated hopping motions of the lithium ions
located in the polymer chain occur in the time scale of
10719—-10-8 s depending on the temperature. The mo-
tional parameters derived from relaxation data suggest
that the segmental and lithium ion motion are affected
by the different structure of polymer. The LPU sample
has the highest correlation time 7. and the activation
energy Ea. This may be attributed to the crystallization
of oligio(ethylene glycol) segment in linear polyurethane
which restrict the mobility of polymer segment. When
hyperbranched polyurethane was added to the host in
MHPU-4, the amorphous nature of the hyperbranched
macromolecules entered into the domain of soft segment
in linear polyurethane and destroyed the ordered struc-
ture. The segmental motion and the lithium ion motion
in MHPU electrolytes were easier, which could be
characterized from the lower 7, and Ea.

The correlation time and the activation energy of
segmental motion in CHPU-4 increased slightly more
than that in MHPU-4 due to the low cross-link occurring
between the linear and hyperbranched polymer. How-
ever, the low cross-link structure between the linear and
hyperbranched polymer ameliorated the nonentangled
state of hyperbranched macromolecules and promoted

the mobility of lithium ions between the hyperbranched
macromolecules. So the lithium ion motion of CHPU-4
was the easiest in the three samples.

4. Conclusion

Polymer electrolytes based on LPU, MHPU, and
CHPU doping with LiCIO4 were studied. FTIR, Raman,
and 13C NMR analysis showed that the hyperbranched
polymer improved the coordination degree between
lithium ion and polymer and was helpful to prevent the
formation of ion pair and aggregates. This indicated that
hyperbranched polymer could function as a “solvent” for
the lithium salt and provide more ionic particles par-
ticipating in conduction. The copolymerization between
hyperbranched and linear polyurethane in CHPU en-
hanced this function. This performance was consistent
with the result of conductivity. The conductivity CHPU/
LiClO4 samples reached its maximum, 1.51 x 1075 S
cm™1, at a higher salt concentration about the EO/Li
ratio of 4.

1H and 7Li NMR spin—lattice relaxation measure-
ments as a function of temperature in the polymer
electrolytes were reported. The mobility of ions in SPE
depends on the local dynamics of the polymer chain
segments. The addition of hyperbranched polymer im-
proved the mobility of polymer chains and lithium ions
and thus improved the conductivity. The low cross-link
structure between the linear and hyperbranched poly-
mer kept this excellent property and overcame the
unfavorable influence of nonentangled state on ionic
transmission. So this structure allowed these materials
to be suitable used as polymer electrolytes
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