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bstract

Conductivity hysteresis and room temperature ionic conductivities >10−3 S/cm were recently reported for electrolytes prepared from blends
f an amphiphilic comb copolymer, poly[2,5,8,11,14-pentaoxapentadecamethylene (5-hexadecyloxy-1,3-phenylene)] (polymer I), and a linear
ultiblock copolymer, poly(oligotetrahydrofuran-co-dodecamethylene) (polymer II), following thermal treatment [F. Chia, Y. Zheng, J. Liu, N.
eeves, G. Ungar, P.V. Wright, Electrochim. Acta 43 (2003) 1939]. To investigate the origin of these effects, polymers I and II were synthesized

n this work, and the conductivity and thermal properties of the individual polymers were investigated. AC impedance measurements were
onducted on I and II doped with LiBF4 or LiClO4 during gradual heating to 110 ◦C and slow cooling to room temperature. Significant conductivity

ysteresis was seen for polymer II, and was similarly observed for poly(tetrahydrofuran) (PTHF) homopolymer at equivalent doping levels. From
hermogravimetic analysis (TGA), gel permeation chromatography (GPC) and 1H NMR spectroscopy, both polymer II and PTHF were found to
artially decompose to THF during heat treatment, resulting in a self-plasticizing effect on conductivity.

2006 Elsevier Ltd. All rights reserved.
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. Background

Solvent free polymer electrolytes have gained wide attention
s potential replacements for liquid electrolytes that currently
imit the thermal stability, energy density and safety of
ommercial secondary lithium cells [1]. Extensive research
as been conducted on variants of poly(ethylene oxide),
EO, the first polymer discovered to exhibit substantial ionic
onductivity when doped with alkali salts [2], in an effort to
oost room temperature ionic conductivity of dry polymer
lectrolytes to values sufficient for battery applications[3–6].
espite substantial efforts, ambient conductivities for dry
olymer electrolytes appear to have reached a plateau at

0−4 to 10−5 S/cm for PEO derivatives doped with lithium
is(trifluoromethanesulfone)imide, LiTFSI [1].

As one surprising exception, Wright and co-workers [7–9]
ecently reported the preparation of polymer blend electrolytes
xhibiting room temperature conductivities >10−3 S/cm after

∗ Corresponding author. Tel.: +1 617 253 3318; fax: +1 617 452 3432.
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hermal treatment. The Wright blends are comprised of an
mphiphilic comb copolymer, poly[2,5,8,11,14-pentaoxapenta-
ecamethylene(5-hexadecyloxy-1,3-phenylene)] (polymer I),
nd a linear multiblock copolymer, poly(oligotetrahydrofuran-
o-dodecamethylene) (polymer II), whose structures are given in
ig. 1. Although these materials, when blended at roughly 50/50
w/w) and doped with lithium salts (∼12:1 ether oxygen:Li) gave
nitial room temperature conductivities of 10−7 to 10−8 S/cm,
heir conductivities rose with heating to >10−3 S/cm at ∼110 ◦C.
he high temperature conductivity values were substantially

etained upon subsequently cooling to room temperature.
The uniquely high ambient conductivities reported for these

ystems after heat treatment have been suggested to result from
he decoupling of Li+ ion motion from that of polymer I as a
onsequence of its self-assembly into liquid crystalline domains
f alkyl side chains housing helical ion conducting channels
ormed from the polyether backbone. Deblending of I and II

y heating above the liquid crystal-isotropic transition temper-
ture (Tiso ∼110 ◦C) was suggested to facilitate ion conduction,
ith polymer II regions serving as ion bridges between liquid

rystalline domains of polymer I upon cooling [7–9].

mailto:amayes@mit.edu
dx.doi.org/10.1016/j.electacta.2006.08.007
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ig. 1. Chemical structures of: (a) poly[2,5,8,11,14-pentaoxapentadecamethy-
ene (5-hexadecyloxy-1,3-phenylene)] (polymer I) and (b) poly(oligotetrahydro-
uran-co-dodecamethylene) (polymer II).

To further explore the origin of the weekly temperature
ependent conductivity after thermal cycling reported for the
ystems developed by Wright and co-workers, polymers I and
I were synthesized in this work and the conductivity and ther-
al properties of the individual copolymers investigated. The

onductivity hysteresis in these systems could be attributed to
olymer II, which incorporates polytetrahydrofuran (PTHF) as
ts ion-conducting component. PTHF homopolymer was then
ynthesized and found to display similar conductivity hysteresis.
oth polymer II and PTHF were found by differential scan-
ing calorimetry (DSC) to exhibit a high melting point phase
Tendo ∼95–110 ◦C) when doped with LiClO4 or LiBF4, which
oes not re-crystallize readily on cooling, indicating that an
morphous phase with high salt content is present at ambient
emperatures after heat treatment. However, thermogravimetic
nalysis (TGA), gel permeation chromatography and 1H NMR
pectroscopy of both polymer II and PTHF demonstrate the
ormation of significant fractions of THF by decomposition dur-
ng heat treatment. The THF component generated on heating
ppears to serve as a plasticizer in these systems, conveying
iquid-like conductivity to the electrolyte.

. Experimental

.1. Materials

5-Hydroxyisophthalic acid, 1-bromohexadecane, triphenyl-
hosphine, tetraethylene glycol, poly(tetramethylene oxide),
,12-dibromododecane, and 1 M LiAlH4 in THF solution were
urchased from Aldrich (MO, USA). THF for PTHF synthesis
as refluxed with lithium aluminum hydride for several hours,

nd then distilled over sodium. Other anhydrous solvents were
btained from Aldrich and used as received. Other organic and
norganic materials were reagent grade and used without further
urification.

Synthesis of polymers I and II were carried out based on
revious reports [7–16].

.1.1. Synthesis of diethyl 5-hydroxyisophthalate
A 37 g (203 mmol) quantity of 5-hydroxyisophthalic acid

nd 2 mL of concentrated sulfuric acid were added to 150 mL
thanol, and the mixture was refluxed for several hours. Ethanol
as removed by evaporation, and the resulting white precipitate

as washed with deionized water. The precipitate was dissolved

n ethyl acetate and further washed with aqueous sodium hydro-
en carbonate. The organic phase was dried with magnesium
ulfate. Finally, the product was obtained by evaporation with

p
i
a
T
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3% yield. 1H NMR (400 MHz in CDCl3), δ (ppm): 1.41 (t, 6H,
H3), 4.41 (q, 4H, CH2), 7.82 (s, 2H, CH), and 8.23 (s, 1H, CH).

.1.2. Synthesis of diethyl 5-hexadecyloxyisophthalate
A 43.0 g (181 mmol) quantity of diethyl 5-hydroxyiso-

hthalate, 72.1 g (236 mmol) of 1-bromohexadecane, and 32.6 g
236 mmol) potassium carbonate were refluxed in 300 mL ace-
one for 72 h. The mixture was filtered and condensed by evapo-
ation. Water and pentane were added to the condensate to extract
he product into the organic phase. The organic phase was dried
ith magnesium sulfate and the product obtained by evaporation
ith 68% yield. 1H NMR (400 MHz in CDCl3), δ (ppm): 0.87

t, 3H, OC15H30CH3), 1.25–1.30 (m, 26H, OC2H4C13H26CH3),
.40 (t, 6H, OCH2CH3), 1.80 (m, 2H, OCH2CH2C14H29), 4.03
t, 2H, OCH2C15H31), 4.40 (q, 4H, OCH2CH3), 7.74 (s, 2H,
H), and 8.25 (s, 1H, CH).

.1.3. Synthesis of 5-hexadecyloxybenzene-1,3-dimethanol
A 30.0 g (64.9 mmol) measure of 5-hexadecyloxyisophtha-

ate was dissolved in 500 mL anhydrous ethyl ether. To this
olution was added 100 mL of 1 M LiAlH4/THF solution. After
vernight stirring, 230 mL of ethyl acetate was added to deacti-
ate excess LiAlH4, and saturated aqueous sodium sulfate was
dded. The organic phase was collected and dried with magne-
ium sulfate. The organic solvent was removed by evaporation
nd the resulting product was recrystallized in dichloromethane
ith 79% yield. 1H NMR (400 MHz in CDCl3), δ (ppm): 0.88

t, 3H, OC15H30CH3), 1.25–1.30 (m, 26H, OC2H4C13H26CH3),
.77 (m, 2H, OCH2CH2C14H29), 3.97 (t, 2H, OCH2C15H31),
.66 (d, 4H, CH2OH), 6.84 (s, 2H, CH), and 6.93 (s, 1H, CH).

.1.4. Synthesis of
,3-bis(bromomethyl)-5-hexadecyloxybenzene

A 10.0 g (26.5 mmol) quantity of 5-hexadexyloxybenzene-
,3-dimethanol was suspended in 40 mL anhydrous ethyl ether.
o the solution was added 6.36 g (23.5 mmol) of triphenylphos-
hine, and the mixture was first stirred at ambient temperature for
0 h and refluxed for another 12 h. The resulting reaction mixture
as diluted with dichloromethane, and washed sequentially with
0% aqueous sodium carbonate and water. The organic phase
as dried with magnesium sulfate, and finally the product was
btained by evaporation with 61% yield. 1H NMR (400 MHz in
DCl3), δ (ppm): 0.88 (t, 3H, OC15H30CH3), 1.3–1.5 (m, 26H,
C2H4C13H26CH3), 1.76 (m, 2H, OCH2CH2C14H29), 3.95 (t,
H, OCH2C15H31), 4.43 (s, 4H, CH2Br), 6.86 (s, 2H, CH), and
.98 (s, 1H, CH).

.1.5. Synthesis of polymer I
A 5.04 g (10 mmol) quantity of 1,3-bromomethane-5-

exadecyloxybenzene and 1.94 g (10 mmol) of tetraethylene
lycol were dissolved in 10 mL DMSO/THF (50:50, v/v) in
100 mL round-bottom flask. A 4.48 g (80 mmol) measure of
otassium hydroxide was added to the solution, and the result-
ng mixture was stirred at 60 ◦C under nitrogen atmosphere for

week. The resulting polymer was precipitated in methanol.
he precipitate was redissolved in THF and reprecipitated in
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ater. Finally, the polymer was dissolved in dichloromethane
nd purified by passing through a Celite 545 (EMD, Darm-
tadt, Germany) column several times to obtain a clear solution.
he organic solvent was removed by evaporation resulting in a
3% yield. 1H NMR (400 MHz in CDCl3), δ (ppm): 0.87 (t, 3H,
C15H30CH3), 1.3–1.5 (m, 26H, OC2H4C13H26CH3), 1.75 (m,
H, OCH2CH2C14H29), 3.58–3.73 (m, 16H, OCH2CH2O), 3.93
t, 2H, OCH2C15H31), 4.50 (s, 4H, CCH2OCH2), 6.80 (s, 2H,
H), and 6.83 (s, 1H, CH). The weight average molecular weight
nd polydispersity index were 44 kg/mol and 1.4, respectively,
ased on GPC with polystyrene (PS) calibration standards.

.1.6. Synthesis of polymer II
A 10.02 g (5.01 mmol) quantity of poly(tetramethylene

xide) (MW: 2 kg/mol), 1.64 g (5.00 mmol) of 1,12-dibromodo-
ecane, and 2.24 g (40 mmol) of potassium hydroxide
ere stirred in a 200 mL round-bottom flask under nitro-
en atmosphere at 70 ◦C for 2 weeks. The polymer
as purified by the same methods described above with
0% yield. 1H NMR (400 MHz in CDCl3), δ (ppm):
.22–1.35 (CH2C10H20CH2), 1.5–1.7 (OCH2CH2CH2CH2),
nd 3.35–3.48 (OCH2CH2CH2CH2, CH2C10H20CH2). The
ncorporation ratio of tetramethylene oxide and dodecane units
as 35:1. The weight average molecular weight and polydisper-

ity index were 39 kg/mol and 2.4, respectively.

.1.7. Synthesis of high molecular weight PTHF
High molecular weight PTHF was prepared by cationic

ing-opening polymerization of THF with trifluoromethanesul-
onic anhydride under anhydrous conditions. To a previously
amed 100 mL round bottom flask containing a magnetic stir
ar was charged 30 mL (26.7 g, 370 mmol) of purified THF. A
4 �L (370 �mol) quantity of trifluoromethanesulfonic anhy-
ride was added through a three-way stopcock under dry nitro-
en flush. The reaction mixture was stirred at ambient tem-
erature. After several hours stirring, the stir bar ceased to
otate and dichloromethane was added to dissolve the prod-
ct. The polymer was purified by reprecipitation in methanol to
btain a yield of 95%. 1H NMR (400 MHz in CDCl3), δ (ppm):
.62 (OCH2CH2CH2CH2) and 3.41 (OCH2CH2CH2CH2). The
eight average molecular weight and polydispersity index were
05 kg/mol and 1.1, respectively.

.2. Electrolyte film preparation

All polymers synthesized were kept in an argon filled glove
ox with O2 level below 2 ppm and humidity level below 1 ppm.
olymer–salt complexes were prepared by dissolving the corre-
ponding polymer in anhydrous THF and the appropriate molar
ortion of salt in anhydrous acetonitrile in separate vials inside
he glove box. After full dissolution was observed in both vials,
he two solutions were mixed together under constant mechan-
cal stirring for 6 h. Thereafter, the mixed solution was poured

nto a 6 cm diameter Teflon dish. After removing the excess
olvent via evaporation in the glove box for several hours, the
omplexes were further dried under vacuum at 50 ◦C for 15–18 h
o remove residual solvent. Residual THF and acetonitrile con-

t
7
i
∼

Acta 52 (2007) 1983–1989 1985

ents for a PTHF electrolyte so-prepared were determined by 1H
MR to be 1.4 and 0.6 wt%, respectively. The low initial room

emperature conductivities of the complexes obtained indicate
hat any residual solvent played a minimal role in the conductiv-
ty. Doping levels are reported as ratios of ether oxygen groups
o lithium ions (EO:Li) and are comparable to those used by

right and co-workers [7,9–14].
Thermal analysis of the materials was conducted on a TA

nstruments, Inc., 2920 DSC using a heating/cooling rate of
0 ◦C/min in tightly sealed aluminum crucibles under a helium
tmosphere. Thermogravimetric analysis (TGA) was performed
ith a TA Instruments, Inc., Q50 under nitrogen purge with a
ow rate of 90 mL/min and using a platinum sample holder.

.3. Conductivity measurements

The cell used for conductivity measurements consisted of
wo 15 mm diameter stainless steel flat electrodes, which were
eld inside a Teflon jacket and contained within a stainless steel
ylinder. One of the electrodes was fixed and the movement
f the second electrode was controlled by a micrometer, which
as used to precisely control the thickness of the sample during

he measurement. The polymer electrolyte sample was loaded
n the conductivity cell inside an Ar filled glove box (oxygen
evel less than 2 ppm and moisture level less than 5 ppm). The
ypical sample thickness was in the range of 0.5–1 mm. The
onductivity cell was finally sealed with Kapton film and elec-
rically insulating tape to prevent any leakage of silicone oil into
he cell during thermal treatment. Cross-plane conductivities of
he polymer electrolytes were measured by impedance spec-
roscopy using a Solartron 1260 impedance gain/phase analyzer
Solartron Instruments, Allentown, PA) over a frequency range
f 106–0.1 Hz at 10 mV amplitude. Ten points per decade of fre-
uency were collected going from high to low frequency with a
emperature interval spanning 25–110 ◦C. The temperature was
ontrolled manually using a silicone oil bath and impedance
easurements were taken after equilibrating the cell typically

or 2–3 h.

. Results and discussion

Fig. 2 illustrates representative data for the temperature
ependence of the conductivity of polymer I complexed with
iClO4 and LiBF4 at EO:Li ratios of 5:1. Although polymer I
oped with LiClO4 exhibits a room temperature conductivity
ore than two orders of magnitude below that of the poly-
er I:LiBF4 complex, both systems have conductivities above

0−5 S/cm at 110 ◦C. Minimal hysteresis in the measured con-
uctivity for polymer I complexes was observed as temperature
as lowered slowly to room temperature. The room tempera-

ure conductivity of the polymer I:LiClO4 complex increased
rom 5.9 × 10−11 to 7.4 × 10−11 S/cm (25%), while that of

he polymer I:LiBF4 complex increased from 2.0 × 10−8 to
.2 × 10−8 S/cm (260%). Conductivity values upon first heat-
ng are consistent with those reported by Wright’s group of

10−4 S/cm at 110 ◦C for polymer I:LiClO4 electrolytes with
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ig. 2. Conductivity of polymer I. (a) I: LiBF4 (EO:Li = 5:1); (�) heating, (©)
ooling; (b) I: LiClO4 (EO:Li = 5:1), (�) heating, (�) cooling.

n EO:Li ratio 5:1[12,13]. Conductivity data upon subsequent
ooling were not reported in these previous studies.

Fig. 3 displays data from a similar experiment performed
n polymer II at EO:Li doping levels of 5.8:1. Little hystere-
is was seen for polymer II doped with LiClO4 during heating
nd cooling. By contrast, a dramatic rise in the room tem-
erature conductivity from ∼10−8 to >10−4 S/cm was found
fter heating and cooling the polymer II:LiBF4 electrolyte. The
bserved hysteresis in conductivity after thermal treatment is
trikingly similar to data reported by Wright and co-workers for
alt-complexed blends of polymers I and II. These authors also

ecently reported strong hysteresis for polymer II:LiBF4 doped
o an EO:Li ratio of 5.8:1. [9] Taken together, the data presented
n Figs. 2 and 3 led us to hypothesize that polymer II is the likely
rigin of the anomalous conductivity behavior in the more com-

ig. 3. Conductivity of polymer II. (a) II: LiBF4 (EO:Li = 5.8:1); (�) heating,
©) cooling; (b) II: LiClO4 (EO:Li = 5.8:1) (�) heating, (�) cooling.
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ig. 4. Conductivity of PTHF. (a) PTHF: LiClO4 (EO:Li = 5.8:1), (�) heating,
�) cooling; (b) PTHF: LiBF4 (EO:Li = 5.8:1), (�) heating, (©) cooling.

lex blend systems investigated by Wright and co-workers [7–9]
nd that the self-organizing properties of polymer I play little
ole.

Since polytetrahydrofuran (PTHF) is the ion conductive com-
onent of polymer II, PTHF homopolymer was synthesized and
he temperature dependence of its ionic conductivity investi-
ated. Previously, Alamgir et al. [17] measured the conductivity
f PTHF with LiClO4 salt (EO:Li of 8:1 and 16:1) up to 75 ◦C.
onductivities and thermal properties of shorter chain length
THF:LiClO4 salt systems with various doping levels were
eported by Furtado et al. [18] To our knowledge, the conductiv-
ty with thermal cycling of PTHF:salt complexes has not been
eported to date.

Fig. 4 plots the conductivity of PTHF doped at 5.8:1 EO:Li
ith LiBF4 and LiClO4 as a function of temperature for one
eating–cooling cycle. The PTHF:LiBF4 system exhibits con-
uctivity hysteresis comparable to that observed for the polymer
I:LiBF4 electrolyte, rising from an initial room temperature
alue ∼10−9 to ∼10−4 S/cm after thermal cycling. The data
trongly indicate that the PTHF component of polymer II is alone
esponsible for the weak temperature dependent conductivities
eported for blends of I and II [7–9]. Notably, the PTHF:LiClO4
ystem also exhibits substantial conductivity hysteresis, with
mbient conductivities after thermal cycling above 10−4 S/cm.

It was observed that, prior to heat treatment, the polymer
I:LiBF4 electrolyte films were physically heterogeneous, dis-
laying small white precipitates within a translucent matrix. To
nvestigate their thermal behavior, DSC was run on samples
aken from both the white and the translucent portions of the film.
s shown in Fig. 5, white regions (a) revealed two endotherms,
ne at 30 ◦C characteristic of undoped polymer II, and a second,
road endotherm from 90 to 125 ◦C (�H = 56.98 J/g), which

artially recrystallizes (18%), as observed in the DSC cooling
race, to give a weaker endothermic peak at ∼95 ◦C on second
eating. Samples taken from the translucent film regions (b)
xhibited a much weaker high temperature endotherm on initial
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ig. 5. DSC data for polymer II. (a) White portion of polymer II: LiBF4; (b)
ranslucent portion of polymer II: LiBF4; (c) polymer II: LiClO4; (1H), first
eating; (2H) second heating. Samples doped at EO:Li = 5.8:1.

eating (�H = 5.26 J/g), which also only partially recrystallized
13%) on cooling. The conductivity data in Fig. 3 reflect the
dditive behavior of these different regions of the film.

DSC heating and cooling traces for both PTHF:LiBF4 and
THF:LiClO4 systems are shown in Fig. 6a and b, respec-

ively. The data suggest that regions of high and low salt content
oexist in the PTHF:Li salt complexes, despite their optical
ransparency. The endotherm at 46 ◦C in Fig. 6b is consistent
ith the melting point for undoped PTHF reported by Abra-
am and co-workers [17] as 42 ◦C, while the high temperature
ndotherm indicates a second phase of high salt content. The
bservation of a two-phase polymer:salt system that remains
ptically clear is consistent with earlier reports by Vachon et al.
19,20] on poly(propylene oxide):lithium salt electrolytes, On

econd heating, the high temperature endotherm is absent from
oth PTHF:Li salt complexes (Fig. 6), suggesting these systems
xhibit slow recrystallization kinetics.

ig. 6. DSC data for PTHF. (a) PTHF:LiBF4; (b) PTHF:LiClO4; (1H), first
eating; (2H) second heating. Samples doped at EO:Li = 5.8:1.
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One might rationally link the absence of recrystallization of
he high melting point phase after cooling to the conductivity
ysteresis seen for the polymer II:LiBF4 and PTHF:Li salt sys-
ems (Figs. 3 and 4). Indeed, it has been shown that PEO and
ts composites can exhibit considerable thermal hysteresis in
he ionic conductivity as a result of slow crystallization kinetics
nd thermal treatment history [21–26] However, DSC measure-
ents on the polymer II:LiClO4 electrolyte (Fig. 5c) do not

upport this hypothesis. While these electrolyte films are vis-
bly transparent, DSC traces again show a high melting point
ndotherm at ∼95 ◦C, which does not recrystallize when the
ample is cooled. Despite the similarity in its thermal signature
o the polymer II:LiBF4 system and the PTHF:salt complexes,
he polymer II:LiClO4 system demonstrated little hysteresis in
onductivity (Fig. 2).

PTHF has been previously reported to decompose to form
HF when mixed with lithium salts LiBr and LiI and heated to

emperatures above 360 and 280 ◦C under nitrogen, respectively
27]. Costa et al. [27–29] reported that thermal decomposition of
THF was enhanced upon complexation with Li+ salt under N2
tmosphere. Strong coordination of Li+ cations with the ether
xygens of PTHF accelerates homolytic C–O bond cleavage
o generate macroradicals upon heating. In the absence of O2,
epropagation proceeds rapidly with the formation of significant
uantities of THF monomer once radicals are formed.

To determine whether PTHF decomposition played a role in
he observed conductivity behavior of these electrolytes, con-
uctivity samples were retrieved after thermal cycling and sub-
ected to 1H NMR analysis and GPC. For the polymer II:LiClO4
lectrolyte after two heating–cooling cycles up to 110 ◦C, the
HF content was found to be only 5 wt% from NMR anal-
sis, while the molecular weight decreased moderately from
9 to 32 kg/mol. The retrieved sample was molten in charac-
er and did not exhibit a separate liquid phase. By contrast,
he decomposition of polymer II when mixed with LiBF4 was
evere. The retrieved sample had a separated liquid fraction after
wo heating–cooling cycles. 1H NMR analysis performed on an
liquot containing both liquid and molten phases of the retrieved
ample revealed a THF content of 45 wt%, while the polymer
olecular weight dropped to 18 kg/mol. The conductivity hys-

eresis seen in Fig. 3a for polymer II doped with LiBF4 might
hus be explained by the large amount of organic solvent that
volved on heating.

Similarly, PTHF:Li salt complexes experienced considerable
ecomposition during heating–cooling cycles. NMR analysis
evealed 25–35 wt% THF content after two heating–cooling
ycles. The molecular weight of LiBF4-doped PTHF decreased
rom 405 to 366 kg/mol after the first heating–cooling cycle
nd to 180 kg/mol after the second heating–cooling cycle. After
emoving the solvent in retrieved samples under vacuum at room
emperature, the conductivity values dropped to 10−7 S/cm at
oom temperature, underlining the pronounced effect of organic
olvent on conductivity in these samples.
To differentiate between the effects of slow recrystallization
f the high melting point phase and THF evolution on conduc-
ivity hysteresis, a PTHF:LiBF4 complex was heated to 80 ◦C by
lacing the conductivity cell into an 80 ◦C oil bath for 1.5 h. The
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emoved and air cooled to room temperature.

ell was subsequently removed from the bath and cooled to room
emperature, during which conductivity data were recorded as a
unction of time. Although 80 ◦C resides below the onset of the
igh temperature endotherm observed for this system seen in
he DSC data in Fig. 6a, significant conductivity hysteresis was
till observed (Fig. 7). The molecular weight of the retrieved
ample was decreased to 275 kg/mol, with 31 wt% THF con-
ent by NMR, indicating THF evolution as key to the hysteresis.
he drop in conductivity between 100 and 200 min seen in the
ata of Fig. 7 may be due to phase separation or intermixing
f the PTHF and THF, altering the primary conduction path-
ay. This reduction was not observed in our slow cycling study

Fig. 4), perhaps because the system was provided substantially
ore time to equilibrate (2–3 h) prior to each conductivity mea-

urement. Nonetheless, the final room temperature conductivity
emains nearly four orders of magnitude above the initial value,
omparable to the hysteresis observed in Fig. 4 for this system.

Previously reported conductivities for 1 M lithium salt solu-
ions made from various organic solvents fall in the range of
0−2 to 10−3 S/cm at room temperature, and show weak tem-
erature dependence over decades of degrees [30,31]. The weak
emperature dependence of the conductivities observed in our
THF-containing electrolytes after thermal cycling could be
xplained by an electrolyte highly swollen with THF or a sep-
rated liquid fraction of THF incorporating dissolved lithium
alt, and might also account for the high ambient conductivities
eported for I:II blends [7–9].

TGA results from PTHF, polymer II and a 50:50 blend of
:II doped with LiBF4 are displayed in Fig. 8. Samples were
quilibrated at 30 ◦C then ramped to 250 ◦C in 10 ◦C/min incre-
ents with isothermal holds of 30 min at 70 and 90 ◦C, and 1 h

t 110 ◦C. Due to differences in heat treatment times and sam-
le environment, the TGA data cannot be compared directly

ith the THF contents measured after conductivity studies,
ut do illustrate the susceptibility to decomposition of these
olymer–salt systems. Fig. 8 clearly demonstrates weight loss
n all three systems during each of the isothermal holds. The

t
s
p
i

ncrements with isothermal holds of 30 min at 70 ◦C, 30 min at 90 ◦C and 1 h at
10 ◦C. (a) PTHF: LiBF4 (EO:Li = 5.8:1); (b) polymer II: LiBF4 (EO:Li = 5.8:1);
c) blend, I: II:LiBF4 (EO:Li = 8:1).

raction of weight lost tracks with PTHF content–PTHF loses
18 wt% after the three isothermal holds, while polymer II,

aving 93.7 wt% PTHF, loses ∼9 wt% and the I:II blend, con-
aining 46.8 wt% PTHF, loses ∼3 wt%. Decomposition could be
xpected to exceed these values in conductivity studies in which
amples are exposed to elevated temperatures for substantially
onger periods.

. Conclusion

In this work, the mechanism behind the conductivity hystere-
is and the resulting weakly temperature dependent conductivi-
ies of polymer blend electrolytes reported in a series of recent
rticles was investigated [7–9] The poly(tetrahydrofuran) blocks
f the polymer II blend component show partial decomposition
o THF upon thermal cycling, resulting in a self-plasticizing
ffect that appears to dominate the shape of the conductivity plot
ith temperature. Although both polymer II and PTHF when
oped with high salt contents form a high melting point phase
hat shows sluggish recrystallization after thermal cycling, this
henomenon could be ruled out in explaining the observed con-
uctivity hysteresis.

The generation of what is effectively a gel electrolyte in situ
hrough partial decomposition of a polymer suggests a novel
rocessing strategy that could combine the conductivity perfor-
ance of gels with the processing advantage of polymers. Inter-

stingly, Cataldo [32] recently described a PTHF–THF–iodine
el electrolyte prepared in the converse fashion, i.e., partial poly-
erization of THF to PTHF via initiation at 80 ◦C with iodine,
hich subsequently served as a charge carrier. Room temper-

ture conductivities up to ∼5 × 10−5 S/cm were reported for

hese systems. THF, however, is a highly volatile and flammable
olvent, with substantially lower flash and boiling points than
lasticizers currently used in gel electrolytes for lithium batter-
es, such as ethylene carbonate and propylene carbonate, and
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