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Abstract

Various diisocyanate-based waterborne polyurethanes (WPU) were synthesized by polyaddition of poly(propylene glycol) (PPG) and
dimethylol propionic acid (DMPA) with various diisocyanates ((4@ethylenebis(phenyl isocyanate) (MDI), 4methylenebis(cyclohexyl
isocyanate)(kbMDI), isophorone diisocyanate (IPDI), and toluene diisocyanate(TDI)) via our modified acetone process. Differential
scanning calorimetry (DSC), Fourier-transform infrared spectroscopy (FTIR), and impedance spectroscopy (IS) were utilized to monitor
the phase change and the conductivity of the WPU-based electrolytes with the doped lithium perchloratg ¢o@entration. The soft
segmenfly increases with increasing LiClGrom the examination of DSC. Significant changes occur in the FTIR spectrum of the various
diisocyanate-based WPUs with adding LiGJ@ndicating that different interactions with the lithium cation within the hard segment and
between the hard and soft phases occur. The result reflects that the phase separation of aromatic diisocyanate-based WPU is more significar
than that of aliphatic one in the addition of salts. IS results indicate that there exists the different effect of the added lithium salt on
conductivity for aromatic/aliphatic diisocyanate-based WPU electroly@e00 Elsevier Science Ltd. All rights reserved.
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1. Introduction examination. Significant changes occur in the FTIR spec-
trum of the WPU with the added salt (LiC}>concentration
Among the various polymer electrolytes developed, poly- above 1 mmol/g WPU, indicating that an interaction with
ether-based electrolytes desired features such as goodhe lithium cation within the hard segment and between the
adherence to the electrode and ability to dissolve many hard and soft phase occurs. The soft segnignihcreases
inorganic salts forming a homogeneous solution. The dis- with increasing LiClQ through the examination of the
solution of alkali-metal salts in polyether polymers has been differential scanning calorimetry (DSC) thermograms.
extensively studied [1,2]. The dissociation is characterized XPS results reveal that the component of nitrogen polaron
by the formation of transient cross-links between ether sites (N) increases with increasing LiCl&nd the satura-
oxygens in the host polymer and alkali-metal cations; the tion level of salt doping is evidenced by the mole ratio of
anions are usually not solvated. lonic transport is achieved component C-O to €0.
through a coupling between the ions and polymer segmental Polyurethanes (PUs) are composed of polyether or
motion; hence, to obtain higher ionic conductivity polyester soft segment and a diisocyanate-based hard
(>10"°S/cm) which is useful in ambient-temperature segment, which can be characterized by a two-phase
applications such as solid state batteries [3] and fuel cells morphology [10]. The phase separation is due to the fact
[4], polymer possessing high flexibility is required. that the hard and soft phases are immiscible and leads to the
In our laboratory, a series of studies [5—8] have been formation of a hard-segment domain, a soft-segment matrix,
performed for the polymer electrolytes on the basis of and an ill-defined interphase. The hard-segment domains act
waterborne polyurethane (WPU). In particular, the system as physical cross-links and filler particles to the soft segment
of polypropylene glycol/isophorone diisocyanate (PPG/ matrix. The domain formation is derived from the inter-
IPDI) [9] has been studied through several spectroscopic molecular hydrogen bonding between the hard—hard
segments of urethane or urea linkages. The hydrogen
* Corresponding author. Tel+ 886-6-2757-575; fax:+ 886-6-2344-496. bonding is characterized by a frequency shift to the values
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our modified acetone process [11,12] by polyaddition of
OCN —<:>‘CH2 ‘<:>—NCO various diisocyanates (4;fnethylenebis(phenyl isocyanate)
(MDI), 4,4'-methylenebis(cyclohexyl isocyanate),¢MDI),
(a) isophorone diisocyanate (IPDI), and toluene diisocyanate
(TDI)) to poly(oxypropylene) glycol (PPG) and dimethyl-
olpropionic acid (DMPA), followed by neutralization of

oCN ?}3{ O pendant COOH with LiOH. The chemical structures of the
2 diisocyanates employed in this study are shown in Fig. 1.
PPG was dried and degassed under vacuum & 76r
CH, CH; 2 days. DMPA was also dried under vacuum at°2@nd
then dissolved in DMF which was distilled over anhydrous
(b) MgSQ, at low pressure and stored over 3wolecular sieve

before use. The preparation of chain extender was similar to
that in our previous paper [11] except using LiOH instead of
NaOH.

OCN@CHZ @ NCO
2.2. Preparation of polymer films
(c)

WPU dispersions were poured on a Teflon disk at ambient
conditions. After pouring, we allowed sufficient time to
elapse for most of the water, and the residual moisture

Hs OCN NCO was further removed by vacuum pumping at°@Ofor
OCN Neo I@/ 3 days.

The desired lithium salt-doped polymer film was
CHs prepared by dissolving the cast film in acetone with proper
(d) LiClIO Jacetone solution. The solution was then cast under

vacuum for 3 days at 6C to form 0, 0.5, 1, and 2 mmol
Fig. 1. The chemical structures of various diisocyanates: (gdylBl; (b) LiClIO4/g WPU polymer films doped as samples a-d,
IPDI; (c) MDI; (d) TDI. respectively.

The films were then stored in an argon-filled dry box
hydrogen bonding) in the FTIR spectrum. Meanwhile, the (vacuum Atmosphere, USA). Before all tests of these
extent of the frequency shift is usually used as an estimate offjims, the water content of these films was determined to
hydrogen-bonding strength. Particularly for polyether-based pe around 10 ppm by using Karl Fisher moisture titration

PUs, the fraction of the hydrogen-bonded carbonyls is meter (MKC-210, Kyoto Electronics, Japan).
defined by a hard—hard segment hydrogen bond

(N—=H---G=C bond), which was employed to evaluate the 2.3, DSC thermograms
extent of phase separation. On the other hand, the fraction of
the hydrogen-bonded ether oxygens (N-H- - -O-) represents Thermal analysis of WPU was carried out using DSC (TA
the extent of phase mixing between hard and soft segments2010, USA) over the temperature range-df00 to+150C

In this work, PPG-based WPU electrolytes were extended at a heating rate of £@/min. Sample was taken from WPU
from the previous [9] to others by using various diiso- film and sealed in aluminum capsules for analysis.
cyanates (4,4methylenebis(phenyl isocyanate) (MDI),
4,4 -methylenebis(cyclohexyl  isocyanate) 6MDI), 2.4. Infrared spectroscopy
isophorone diisocyanate (IPDI), and toluene diisocyanate

(TDN) as hard segments. These WPUs were synthesaedDMF solutions onto potassium bromide windows at room

and used as polymer electrolytes. By using FTIR, DSC, . X o
. . - temperature. Following evaporation of the majority of the
and impedance spectroscopy (IS), we investigate the effect ) !
solvent, the films were placed in a vacuum oven at about

of various types of _d||_socyanates on pha_sg variation, 80°C for over 24 h to remove residual solvent and moisture.
morphology characteristics and bulk conductivity of these _. ~ : . :
Similarly, the films were stored in an argon-filled dry box.

WPU electrolytes. Then, the samples were transferred to the holder in the

Films for infrared analysis were prepared by casting 5%

spectrometer.
2. Experimental FTIR spectra were collected using a Nicolet 550 system
at a resolution of 2 cm', and a minimum of 64 scans were
2.1. Synthesis of WPU dispersions signal-averaged at room temperature. Band deconvolution

of the resulting spectra was obtained by analysis with
Four types of WPU dispersions were prepared through Grams 386 software (Galactic). The maximum error
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Fig. 2. (A) DSC thermograms for WPU (PPGANIDI) electrolytes containing different LiClgconcentrations: (a) 0, (b) 0.5, (c) 1, (d) 2 mmol/g WPU. (B)
DSC thermograms for WPU (PPG/ANMDI) electrolytes containing LiCIQ1 mmol/g WPU: (e) no PC (f) 50% PC.

associated with the deconvolution of the IR spectra is 3. Results and discussion
expected to bet5%. In most cases, the deconvolution
was executed by fitting the spectra to different functions 3.1. Differential scanning calorimetry
to assure the accuracy of the deconvolution results.
DSC was used to examine the effect of LiGlGn the
2.5. Impedance spectroscopy polyether soft-segmeni, of these WPUs. Fig. 2A shows
thatT, of the PPG soft-segment for the PPGAMMDI system
Impedance measurements were performed using thinincreases with increasing salt concentration. Similar results
films prepared previously of about 1%0n in thickness exist in other system of different diisocyanates (e.g. PPG/
and 0.785 crhin area. The ionic conductivity of the WPU  IPDI, PPG/MDI, and PPG/TDI). This is consistent with
films sandwiched between two stainless steel electrodes waur previous work [9] and other investigations of TPUs
obtained by using CMS300 EIS (Gamry Instruments, Inc., containing either PEO [13,14] or PPO [15,16] as the soft
USA) together with an SR810 DSP lock-in amplifier segment. This indicates that the solvation of the lithium
(Stanford Research Systems, Inc., USA) under an oscillationcation by the PPO soft-segment partially arrests the local
potential of 10 mV from 100 kHz to 0.1 Hz. motion of the polymer segment through the formation of
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Table 1
Glass transition temperaturgg for LiClO,-doped WPUs

LiClO4 PPG/MDI PPG/H,MDI PPG/IPDI PPG/TDI
(mmol/g WPU)
Ty ATyAc Tq ATy/Ac Ty ATy/Ac Ty AT /Ac
(°C) (°C/mmol/g WPU) (°C) (°C/mmol/g WPU) (°C) (°C/mmol/g WPU) (°C) (°C/mmol/g WPU)
0.0 —26.47 —42.82 —38.34 —34.06
0.5 -10.81 31.32 —32.34 20.96 —26.85 2298 -21.3 25.52
1.0 —2.73 16.16 —18.68 27.32 —16.83 20.4 —13.06 16.48
2.0 11.81 1454 14.36  33.04 —-3.77 13.06 2.86 1592

transient cross-links, leading to an increase in the soft- the oxygen of soft-segment ether linkage is decreased.

segmenfly. By normalizing theT, data against salt concen-  ConsequentlyT, is decreased due to the enhanced mobility

tration for these WPU films, the value &T/Ac was of the soft-segment by PC solvent. Similar results existed in

calculated at each measurement and which are listed inother system of different diisocyanates. This result is

Table 1. It is obvious that a non-linear increaseTjnis related to a significant increase in electrical conductivity

observed with increasing salt concentration. The value of when PC is added into the LICI®WPU complex (see

ATy /Acdecreased with increasing salt concentrations exceptFigs. 6 and 7).

for the PPG/H,MDI system. This result is attributable to the

plasticizing effect generated by the formation of charge— 3.2. Infrared analysis

neutral contact ion pair with increasing salt concentration

[17]. The neutral contact ion pairs lose the ability to provide ~ FTIR was utilized at ambient temperature {€}pto study

ionic cross-links; hence, the further increase Ty is  the effect of salt concentration on the phase morphology of

insignificant. It is worthwhile to note that thaT/Ac of ~ these WPUs. Two major spectrum regions are of the main

PPG/H,MDI system is increased upon increasing salt interest: the N—H stretching vibration (3000-3650 cjn

concentration. This result reflects that the salt doping level and the carbonyl stretching vibration (16901800 ¢m

for PPG/H,MDI WPU has not been saturated in the range

of 0—2 mmol LiClQ/g WPU. Thus, the lithium salt can be 3.2.1. N—H stretching region

further dissolved and solvated with the oxygen on the soft- Fig. 3 shows the typical IR spectrum of the N-H

segment ether linkage. stretching region of PPG/EMDI-based WPU film. In this
The DSC results for the sample of LiCJ@W/PU complex spectrum, the N—H stretching vibration exhibits a strong

with 50% PC is shown in Fig. 2B. It is obvious that theof absorption peak at around 3330 chn(peak Il) arising

PPG soft-segment in the PPG/MDI WPU is decreased from the hydrogen bonding between N-H and carbonyl

from —18.68 to—43.90C by the intake of 50% PC. This  groups, whereas the free N—H stretching vibration appears

indicates that the solvated degree of the lithium cation with at ca. 3500 cm’ (peak I). Note that there exists another

Absorbance

3800 3600 3400 3200 3000

Wavenumber(cm™)

Fig. 3. The FTIR spectrum (solid line) and decomposition curves (dashed lines) of WPU electrolytes @RHBEYkh the N—H stretching region.
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Table 2
Decomposition results of various WPUs in the N—H stretching region

Film LiClO, Peak position (crm') Peak are®(%)
(mmol/g WPU)

PPG/HMDI 0.0 3509 3334 3203 35.20 60.88 3.92
0.5 3510 3336 3234 49.18 41.97 8.84
1.0 3516 3365 3244 42.43 40.61 16.97
2.0 3530 3381 3253 36.96 40.35 22.69
PPG/IPDI 0.0 3510 3334 3174 34.50 63.26 2.24
0.5 3533 3395 3276 31.75 42.75 25.51
1.0 3550 3420 3298 26.22 40.29 33.49
2.0 3591 3487 3307 23.90 32.99 43.12
PPG/MDI 0.0 3478 3302 3188 34.48 63.14 2.39
0.5 3479 3302 3188 50.84 44.77 4.38
1.0 3577 3419 3242 28.65 39.23 32.12
2.0 3578 3463 3294 12.37 40.02 47.60
PPG/TDI 0.0 3496 3306 3178 38.08 60.02 191
0.5 3497 3318 3179 50.45 46.02 3.53
1.0 3559 3444 3295 18.78 43.28 37.94
2.0 3576 3468 3307 16.44 34.87 48.69

# The band areas are based on the total N—H stretching area.

shoulder at ca. 3200 cm (peak II1). This peak corresponds shows that the area ratio of peak | is insignificantly influ-
to the NH---O— hydrogen bonding [18]. This result is enced by the concentration of doping salt for PPG#DI
attributable to the phase-mixed state between hard andand PPG/IPDI systems. On the other hand, the area ratio of
soft-segment via hydrogen bonding in the polymers. peak | significantly depends upon the concentration of
Deconvolution of the N—H stretching region was found to doping salt for PPG/MDI and PPG/TDI systems. These
be the best fits by using a Gaussian—Loretzian sum. Theresults reflect that the effect of the added lithium salt on
maximum frequency ) and area of each band were the free N—H stretching region is different for both of
determined by using the Nelder—Mead optimization aliphatic and aromatic hard segments.
method. All N—H band areas were normalized on the In Table 2, the component of peak Il corresponds to
basis of total N—H stretching band area and are listed in hydrogen bonding between N—H and carbonyl groups
Table 2. The band shift of three decomposition peaks is [20]. The position of this component shifts to higher
approximately proportional to the salt concentration. The frequency as the salt concentration increases for all of
peak position of free N—H stretching (peak I) with external these WPUs. Because band position is related to the strength
doping salt is higher than that peak position (34408m  of H-bonded N—H bond, the shift to higher frequency with
without the doping salt. This situation is presumably due to increasing salt concentration indicates a decrease in the
the interaction between the Lication and the lone pair of H-bonded strength. Therefore, the H-bonding strength is
electrons on nitrogen atom [19], leading to the reduction of decreased with increasing salt concentration. This is possi-
N—H bond length as seen in Fig. 4(a). Thus, the vibration bly due to the localization of the electron-rich oxygens on
energy of N—H bond is relatively increased when the the carbonyl through coordination of the'L¢ation with the
external salt is doped in WPU film, resulting in a higher H-bonded species, as shown in Fig. 4(b). Furthermore, the
frequency of absorption peak. An examination of Table 2 band area (peak IlI) decreased with increasing salt concen-
tration in Table 2. This result reflects that the possibility of

—— '/-\ L the hydrogen bonding between N—H and carbonyls is
y, Li'X e decreased.
HQ s ~/ ' Note that Table 2 reveals the band position of hydrogen
R—N—C—O—R H o H bonding of N—H to —O— (ether oxygens) (peak lIl) [20] of
‘\J . (I [ (|)| PPG soft segment is also shifted to higher frequency with
Li'X R—N—C—0—R R—N—C—0—R

the addition of salt. This shift of frequency to higher values
increases with increasing salt concentration, implying that
the more added lithium salt in WPU gives the stronger band
strength of the N—H bond. This is likely due to the
Fig. 4. Schematics for the suggested coordination of the lithium cation with CoOrdination —of non-bonded electrons on the ether
the PPG-based WPU. oxygens with the Li cation, leading to a weakening of

() (b) (©)
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Fig. 5. The FTIR spectrum (solid line) and decomposition curves (dashed lines) of WPU electrolytes dRm&ylh the carbonyl stretching region.
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Fig. 6. The dependence of conductivity on the reciprocal of temperature for different PPG/isocynate based WPUs containing varjaesté@liations (in
mmol/g WPU): (a) 0; (b) 0.5; (c) 1; (d) 2. SymbolshY PPG/MDI-based WPU:®) PPG/H,MDI-based WPU; & ) PPG/IPDI-based WPUM) PPG/TDI-

based WPU.
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Fig. 7. Arrhenius plots of conductivity for different PPG/diisocynate-based WPUs containing various, tig?i€entrations (mmol/g WPU) in 50% PC: (a) O;
(b) 0.5; (c) 1; (d) 2. Symbols:A) PPG/MDI-based WPU;&) PPG/H MDI-based WPU; &) PPG/IPDI-based WPUM) PPG/TDI-based WPU.

the hydrogen-bonded strength between N—H and etherlinkage of interfacial regions or being dissolved in the soft
oxygens (see the model of Fig. 4(c)). An examination of phase. For the stronger hydrogen bonds in ordered or crys-
Table 2 reveals that the band area of NH—ether (peak lll) talline regions, the stretching absorbance occurs at a lower
increases with increasing salt concentration. This can befrequency at ca. 1696 cm (peak ). The band centered at
attributed to the fact that the coordination of non-bonded ca. 1665 cm® (peak IV) is assigned to the stretching of
electrons on ether oxygens with cation is increased, indu- H-bonded carboxylic carbonyl group, which comes from
cing an increase in hydrogen bonding between N—H and DMPA unit.
ether groups. This similar observation has been evidenced The deconvolution of the carbonyl region by Gaussian
by XPS results [9]. function was also performed and is listed in Table 3. For
PPG/H,MDI and PPG/IPDI WPUs, it is interesting that the
3.2.2. G=0 stretching region stretching of free urethane carbonyl (peak 1) shifts from
Fig. 5 shows the IR spectrum of the carbonyl stretching higher to lower frequency when salt concentration is
region ranging from 1600 to 1750 crhfor PPG/H,MDI- increased. This shift to a lower frequency suggests that the
based WPU. The band centered at around 1724 ¢peak ionic coordination between the free urethane carbonyl and
) is attributed to the stretching of free urethane carbonyl Li* cation increases with increasing salt concentration. For
groups, whereas the band at 1712 ¢rfpeak 1) is assigned ~ PPG/MDI and PPG/TDI WPUs, the stretching of free
to H-bonded urethane carbonyl groups. According to the urethane carbonyl (peak 1) first shifts to higher frequency
previous study [21,22], the urethane carbonyl stretch at with salt concentration of 0.5 mmol/g WPU, and then shifts
around 1710 cm' is due to hydrogen bonding in disordered back to lower frequency (in relative with salt concentration
regions, corresponding to carbonyl participating in urethane of 0.5 mmol/g WPU) when the salt concentration is further
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Table 3
Decomposition results of various WPUSs in the-@ stretching region

Film LiCIO,4 Peak position (cm?) Peak are?(%)
(mmol/g WPU)

PPG/HMDI 0.0 1724 1712 1696 30.49 34.84 34.67
0.5 1723 1713 1696 26.95 36.83 36.22
1.0 1721 1709 1694 26.55 29.91 43.54
2.0 1720 1710 1693 13.09 27.48 59.43
PPG/IPDI 0.0 1724 1711 1693 24.71 44.98 30.31
0.5 1724 1711 1694 22.00 42.33 35.67
1.0 1723 1711 1695 21.70 34.86 43.44
2.0 1722 1711 1696 17.17 34.23 48.60
PPG/MDI 0.0 1729 1709 1690 51.98 38.65 9.37
0.5 1736 1726 1710 19.87 31.21 48.91
1.0 1734 1727 1712 19.54 28.64 51.83
2.0 1730 1725 1708 16.37 27.83 55.80
PPG/TDI 0.0 1728 1709 1693 61.31 20.74 17.94
0.5 1736 1724 1707 23.71 33.12 43.17
1.0 1735 1725 1710 18.93 36.24 44.83
2.0 1734 1726 1710 16.08 33.40 50.53

& The band areas are based on the total carbonyl stretching area.

increased. These phenomena are related to the charactePG/MDI and PPG/TDI WPUs shifts by about 2 chrto
istics of aromatic groups in the hard segment. higher frequency when salt is added. Meanwhile, the area of
The areas of the free urethane carbonyl groups (peak I)the ordered H-bonded urethane carbonyl increases with
decrease with increasing salt concentration for all four types increasing salt concentration for all four types of WPUs.
of WPUs. This is attributable to the fact that the ionic coor- The decrease in the amount of disordered H-bonded
dination between free urethane carbonyl and increases urethane carbonyl (peak II) will partially be transformed
with increasing salt concentration, leading to a decrease ininto ordered H-bonded urethane carbonyl (peak Ill) through
the amount of free urethane carbonyl. the rearrangement of urethane orientation. It causes an
The stretching vibration band of disordered hydrogen increase in the ordered H-bonded urethane carbonyl with
bonded urethane carbonyl (peak II) occurs at increasing salt concentration.
1711+ 2 cm™* for PPG/H,MDI and PPG/IPDI WPUs,
nearly independent of salt concentration. But this band 3.3. lonic conductivity analysis
position of PPG/MDI and PPG/TDI WPUs shifts to higher
frequency, ca. 15 cit when salts are added. The difference  Since the four types of WPUs possess different character-
between aliphatic and aromatic systems will be discussedistics from the above discussion, it is interesting to
along with the explanation for band area. The area of the investigate the ionic conducting behavior of these samples.
disordered H-bonded urethane carbonyl decreases withThus, AC impedance was performed to determine the con-
increasing salt concentration. From DSC results, an increaseductivity (o) of these films. Fig. 6 illustrates the temperature
in soft-segmentT, with increasing salt concentration dependence of ionic conductivity for the LiCJWPU
indicates that the solvation of the lithium cation by PPG complex. The data without doping LiClGalt are shown
soft-segment partially arrests the local motion of the in Fig. 6(a), revealing that four straight lines with different
polymer segments through transient cross-links. Thereby, slopes are obtained for four different types of WPUs. These
the amount of disordered H-bonded urethane carbonyl results suggest that the Arrhenius phenomenological
which participates in urethane linkage of interfacial regions relationship
or is dissolved in the soft phase will be reduced. This result __ o exp—E/RT] )
reflects that the phase separation of aromatic WPUs is more
significant than that of aliphatic samples in the addition of can be used to describe the conductivity behavior for all four
salts. The above explanation supports the results of bandwPUs without doping salt. The Arrhenius form is employed
shift ca. 15 cm® to higher frequency upon the addition of when the ions are decoupled from the polymer host and
salt for aromatic samples. activated hopping is required for ionic transport. At lower
The band position of ordered H-bonded urethane temperature, the magnitude of conductivity is in the order:
carbonyl (peak Ill) is nearly constant (16952 cm ) for GPPG/H,MDI > PPG/IPDI> PPG/TDI> PPG/MDI. The
PPG/H,MDI and PPG/IPDI WPUs. This band position of strength of intermolecular H-bonding in PPG/MDI WPU is



T.-C. Wen et al. / Polymer 41 (2000) 6755-6764 6763

the highest between these WPUSs, which leads to the most3. As the lithium salt-doped level is saturated, the salt is

significant phase separation. Because thedation on the incompletely able to participate in the conductive
DMPA pendant group in this polymer chain is difficult to process. The formation of neutral ion pair increases
move, the ionic conductivity of PPG/MDI WPU is low. In with increasing salt concentration, which limits the
contrast, the lithium ion on DMPA group in PPGANIDI mobility of charge carriers in the polymer matrix. This

WPU is easy to move due to no aromatic bondage, resulting  conductivity behavior also obeys the Arrhenius equation.
in a high conductivity.

At higher temperature, the strength of intermolecular/ In order to understand the characteristics of WPU gel-
intramolecular H-bonding is reduced as the mobility energy type electrolytes, we added 50% propylene carbonate (PC)
of molecules increases. Therefore, the conductivity of four as a plasticizer into the above-mentioned WPU samples and
WPU samples are similar. In addition, the magnitude of the then measured the temperature dependence of conductivity.
slope for four WPU samples is in the order: GPPG/MDI The ions are decoupled from the polymer host and activated
PPG/TDI> PPG/H,MDI > PPG/IPDI. This result implies  hopping is required for ionic transport after PC addition.
that the temperature dependence of PPG/MDI WPU electro-Thus, the Arrhenius equation is used to describe this
lytes without external doping salt is more sensitive than conductivity behavior. Fig. 7 shows the Arrhenius plot of
those of other WPUs. ionic conductivity for the LiCIQ/WPU complex with the

In Fig. 6(b), the conductivity arises from the transport of addition of 50% PC.
lithium cation in the soft segment of WPU. This situation The temperature dependence of conductivity for WPU
can be described by the Vogel-Tamman—Fulcher (VTF) samples with 50% PC and without external doping salt is

equation shown in Fig. 7(a). The conductivity is significantly
2 increased with the addition of PC in WPU. This result
o=AT"" expg—E4/R(T — To)] 2 suggests that the intermolecular H-bonding is decreased in

these WPU samples, leading to a larger transport space of
charge carriers (lithium ions). This explanation is consistent
with the DSC results in whicfig of the PPG soft-segment is
significantly decreased with the addition of PC. The magni-
tude of conductivity is in the order: PPG/TDIPPG/

MDI > PPG/IPDI> PPG/H,MDI. In both aromatic
WPUs of PPG/MDI and PPG/TDI, there exist more lone-
pair electrons in the hard segments of WPUs, which results
in a higher conductivity. In aliphatic WPU of PPG/IPDI, the
dense arrangement of hard segments is reduced by the steric
hindrance of IPDI cyclohexane in thmetaposition. The
lithium ions (on DMPA unit) are easily trapped into the
phase of loose hard segments, leading to lower conductivity.
In the PPG/H,MDI aliphatic WPU, a dense arrangement of
hard segments (relative to IPDI) is enhanced by the linear
structure of H,MDI. The lithium ions (on DMPA units) are
difficult to pass through the polymer matrix.

The temperature dependence of conductivity with the
addition of PC and external doping salt of 0.5 mmol/g
WPU is shown in Fig. 7(b), revealing that the conductivity
is highly increased. At this low concentration of salt, the ion
transport in polymer electrolytes has a coupling of mobile
charge carriers to the soft segmental motion of the polymer
1. For WPU without doping salt, there only exists small host. Because the soft segment domain belongs to PPG

amount of lithium ions on the DMPA unit in the polymer phase in all WPUs, the conductivity differences mainly

chain. Thus, a high driving force is necessary for ionic arise from the hard segments. In aromatic WPUs, the
conduction to be observed. This conductivity behavior arrangement of hard segments is closer due to stronger inter-
obeys the Arrhenius equation. molecular/intramolecular H-bonding. Thus, the lithium ions
2. As the doping salt has not yet reached to saturation level,mainly transport in the phase of soft segment, leading to a
the ions are predominantly coupled to the segmental higher conductivity. In PPG/HMDI WPU, a close phase of
motions of the host polymer. The ion transport in hard segment is also obtained due to the linear symmetrical
polymer electrolytes is improved with segmental motions structure of H,MDI, the lithium ions also transport in the
of the polymer host. This conductivity behavior obeys the phase of soft segment. In PPG/IPDI WPU, a loose phase of
VTF equation. hard segment is obtained due to the low H-bonding and

The application of the VTF form to ion transport in polymer
electrolytes requires a coupling of mobile charge carriers to
the segmental motion of the polymer host [23]. The most
significant phase separation occurs in PPG/MDI WPU, the
hydrogen bonding is slightly decreased at the salt doping
level of 0.5 mmol/g WPU. Thereby, the slope for PPG/MDI
WPU in Fig. 6(b) is similar to that in Fig. 6(a) when the
concentration of lithium salt increased (1 mmol/g WPU),
the hydrogen bonding is significantly decreased as reflected
by the closeness of conductivity values and slope in Fig.
6(c). At a doping level of 2 mmol/g WPU (Fig. 6(d)), the
conductivity is lower than that in Fig. 6(c) (1 mmol/g WPU
salt doping).

The result of high salt doping level can be explained as
follows: (i) the formation of ion pair increases with alkali-
metal salt concentration [24], which limits the mobility of
charge carriers in the polymer matrix; (ii) a considerable
amount of salt is interacting or coordinating with the hard
domain.

From the above results and discussion, the conductivity
behavior of WPU doping with lithium salt can be
summarized as follows:
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unsymmetrical structure of IPDI. Thus, the lithium ions in Taiwan for its financial support through NSC 88-2214-E-
transport in both soft and hard segments. The concentration006-026.

in the phase of soft segment is lowered, leading to a low
conductivity.

As the concentration of external doping salt is further
increased, the concentration of lithium ions is naturally
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