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Effect of Counter lon Placement on Conductivity in Single-lon
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Single-ion conducting block copolymer electrolytes were prepared in which counter ions were tethered to the polymer backbone
to achieve a lithium transference number of unity. Through tailored anionic synthesis, the influence of counter ion placement on
conductivity was investigated. Incorporating the anions outside the ion-cond{igtlygethylene oxidebased block, such as in
poly(lauryl methacrylateblockpoly(lithium methacrylatgblockpoly (oxyethyleney methacrylatgé known as PLMAb-
PLIMA-b-POEM, and PLMA-r-LiIMA )-b-POEM, caused lithium ions to dissociate from the carboxylate counter ions upon
microphase separation of the POEM and PLMA blocks, yielding conductivities of $tm at 70°C. In contrast, incorporating
anions into the conducting block, as in PLMAP(LIMA- r-OEM), rendered the majority of lithium ions immobile, resulting in
conductivities one to two orders of magnitude lower over the range of temperatures studied for equivalent stoichiometries.
Converting the carboxylate anion to one that effectively delocalized charge through complexation with the Lewis;aeiddgiF

the conductivity of the latter system to values comparable to those of the other electrolyte architectures. lon dissociation could thus
be equivalently achieved by using a low charge density counter ion (CQP&Fby spatially isolating the counter ion from the
ion-conducting domains by microphase separation.
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In the arena of possible advancements in lithium rechargeabldancements in the conductivity of single-ion conducting gel polymer
batteries, the case for a solid polymer electrolyte is compelling.electrolytes by incorporating BF which complexed with the car-
Such materials offer the promise of simplified processing, betterboxylate anions of the polymer netwotk.
temperature stability, thinner cells, flexible geometries, and en- Here we explore an alternate strategy to promote ion dissociation
hanced safety.Most solid polymer electrolyte research has focused by spatially isolating the anions in a secondary phase of the polymer
on increasing the conductivity of such systems while still maintain- electrolyte. Placement of the counter ions within the electrolyte is
ing good thermal, electrochemical, and mechanical stability. How-controlled by anionic synthesis of single-ion conducting block co-
ever, ultimately, the room temperature conductivity for various dry polymer electrolytes(BCES?%?? incorporating the incompatible
polymer electrolytes plateaus atl0~* S/cm when using lithium  block components pollauryl methacrylatg known as PLMA, and
bis(trifluoromethanesulfonyl imide salt*? This is not surprising  poly((oxyethyleney methacrylatg known as POEM? To provide
given that most such systems incorporate amorphouggtbljlene charge carriers, lithium methacrylate is added into the backbone in
oxide) (PEO. three distinct molecular architectures: randomly within the hydro-

To make further performance gains, the transference number ophilic block, RLIMA-r-POEM), randomly within the hydrophobic
the electrolyte assumes great importance, especially as the drain rafdock, RLMA-r-LiIMA), or as a separate block, PLIMA, sand-
of the battery is increased. When a battery is subjected to highviched between PLMA and POEM. For the two architectures in
discharge rates, a gradient in salt concentration is formed, with jorvhich the LiMA is incorporated outside the ion-conductiRPEM)
accumulation occurring at the anode and depletion regions formingPlock, microphase separation appears to promote dissociatiori of Li
within the composite cathod Such gradients change both the from the carboxylate anions, resulting in conductivities one to two
lithium diffusion coefficient and the density of charge carriers acrossorders of magnitude above the counterpart structure in which LIMA
the electrolyte. The dc conductivity falls well below the initial ac ~ resides in the POEM domain. The effect of counter ion spatial iso-
value, leading to polarization through IR drop, a factor that reducedation on ion dissociation is shown to be comparable to that of
the capacity of the battery by narrowing the voltage window seen bylowering the anion charge density through the addition of BF
the’electrodes. This proble_m Ia_rgely disappears when the electro- Experimental
lyte’s transference number is unity.

Single-ion conducting polymer electrolytes for lithium batteries  Anionic methods were used to prepare single-ion conducting
have already received much attentfol?. One issue confronting re- BCEs containing lithium methacrylat&iMA ), lauryl methacrylate
searchers is how to retain high cation mobility upon tethering the(LMA) and (oxyethylene) methacrylate(OEM) in different mo-
anion to the polymer. In such systems, ion pairing interactions carlecular architectures. All reagents used in this study were purchased
render lithium ions relatively immobile, leading to low conductivity. from Aldrich. TetrahydrofurafTHF) was rigorously purified by re-
Alternative approaches to single-ion conductors include the use of dluxing over sodium/benzophenone for 48 h, and then distilled in a
bulky oligo/polymeric counter iof#"}” or the creation of anion trap  Nitrogen atmosphere just prior to use. Bagnt-butyl methacrylate
sites®19within the electrolyte. The conductivity of these systems is (tBMA) and LMA were distilled over Cajland then again over
good, but the lithium transference number falls well short of unity, trioctylaluminum(10 mol %9. OEM, M,, = 475 g/mol, was stirred
thus nullifying some advantages of a truly fixed-anion electrolyte. over CaH for 2 days before being passed through an alumina col-

The success of single-ion conducting polymer electrolytes hingesuimn and diluted with freshly distilled THF to a 1:1 volume ratio in
upon finding a way to promote charge dissociation, thereby enhanca dry nitrogen atmosphersecButyllithium (s-BuLi), trimethylsi-
ing Li* mobility. One approach is to employ bulky, low charge lylchloride [(CH3)3SiCl], sodium iodide(Nal), chloroform, aceto-
density anions by complexing tethered anions with a Lewis nitrile, and methanol were used as received. 1,1-Diphenylethylene
acid**™* For example, Florjanczylet al. reported significant en-  (DPE) was vacuum distilled in the presence®BuLi (3 mol %).

Lithium chloride (LiCl) was dried under vacuum at 200°C for 48 h.
The anionic block copolymerization was carried out by sequen-
* Electrochemical Society Active Member. tial addition of monomers to a sealed glass reactor fitted with sili-
2 E-mail: amayes@mit.edu cone rubber septa. LiGb times excess to initiatgrDPE (1.2 times



Journal of The Electrochemical Societys2 (1) A158-A163 (2005 A159

Table I. Molecular characteristics of block copolymer precursors.

Composition . .
Molecular Polydispersity
(Wt %) (Mol %) weight (g/mol) (M /M)
PLMA-b-PtBMA-b-POEM 28:11:61 30:35:35 28,900 1.22
PLMA-b-PtBMA-b-POEM 18:05:77 24:20:56 83,800 1.16
P(LMA-r-tBMA )-b-POEM 28:10:62 31:33:36 32,800 117
P(LMA-r-tBMA )-b-POEM 11:06:83 15:24:61 44,300 1.16
PLMA-b-P(tBMA-r-OEM) 31:09:60 34:30:36 41,800 1.20

excess to initiatgr and THF were introduced into the reactor and Atomic force microscopy(AFM) was performed on a Digital
submitted to several nitrogen/vacuum pump-purge cycles. Afterinstruments(Santa Barbara, CANanoscope llla scanning probe
cooling to —78°C, a few drops o6-BuLi were added via syringe microscope with a TAP300 silicon cantilev@dano Deviceshaving

until the solution became pale orange. The calculated amount of spring constant o040 N/m. A film ~200 nm thick of RLMA-r-
s-BuLi was then introduced and stirred for 30 min. The purified first LIMA )-b-POEM was spin-coated from the THF solution onto a
monomer was then added to the initiator solution, prompting thecleaned Si substrate. A phase image of the BCE film was recorded in
solution to change color from red to pale yellow. An aliquot of tapping mode.

polymer solution was taken after 3 h of reaction time and deacti- Fourier transform infrare@~TIR) spectra were measured using a
vated with methanol. To the remaining reaction medium, the secondagna-IR 860 spectrometéThermo-Nicolel with an 80° specular
monomer was added, and the solution was allowed to stir for 3 hreflectance accessory. Samples were solvent cast onto silicon sub-
For the triblock copolymers, these procedures were repeated for thétrates and placed under vacuum overnight to remove moisture.
addition of the third block. The polymerization was then terminated  Differential scanning calorimetr{DSC) measurements were car-
with methanol, and the solution was poured into a large excess ofied out on a TA Instruments Q100 at a heating rate of 20°C/min.
hexane to precipitate the polymer. To remove residual LiCl, theSamples were solution cast into standard aluminum pans. The
polymer was dissolved in benzene and passed through an aluming@mples were thermally cycled until no sign of residual moisture
column, then freeze-dried for 8 h. Thé, values were determined Waslobserved. Glass transition values are reported from the last
by proton nuclear magnetic resonanéé! (NMR, Bruker DPX in  heating scan.

CDCly) using characteristic resonances at 4.1 ppm (CGTH, t Electrical conductivi;ies were d?te;mined by impedancte spec-
POEM), 3.9 ppm (COO-CH,, PLMA), and 14 ppm WFOSCOpy uSing a waveform generator/response analigmartron

! - model 1260 frequency response analyzer, Solartron Analytical,
[C—(CHg)3, PtBMA], and comparing with Cklproton resonances H ;
N . . . ouston, TX controlled by a personal computer running commer-
of the s-Bu initiator residue at 0.6-0.8 ppm. Molecular weight dis- 3 yanp P 9

L : ) o cially available softwar€Z60, Scribner Associates, Inc., Southern
tributions of the synthesized polymers were determined at 30°C bypjnes NG, The test fixture consisted of two blocking electrodes

made of stainless steel and attached to a micrometer that measured
Yhe electrode separation and, hence, the thickness of the polymer

Hydrolysis of PtBMA to polymethacrylic acidl was carried out  gyecimen, which was kept under an atmosphere of flowing argon

with 1.2 times excess of (GHLSiCl-Nal in a mixed solvent of ]

acetonitrile and chloroform(3/5, v/v) at 25°C for 30 min. After Lithium symmetric cells fitted with the polymer electrolytes
complete drying, the polymer was dissolved again in THF and 300-500,,m thick, ~0.1 cn? ared were used to obtain a measure
poured into water containing trace amounts of sodium thiosulfate.of the jithium transference number. The electrodes were active to
The precipitated polymer was then recovered by centorlfuge, "€Pr€ithium ions but blocked the anions; upon application of a stepped
cipitated in hexane, and dried in a vacuum oven at 100°C for 2 days,qential, the initial currentlg) reflected both cation and counter
The reaction was confirmed by the disappearance of the characte on contributions, whereas the long-term, steady-state valy (
istic resonance ofert-butyl protons of the parent polymer at 1.4 arose solely from lithium ion motion. The transference number was

) .
ppm using H NMR analysis. The hydrolyzed block copolymer was then taken to bé,/ls. This simplified method does not take into

g]n?gugtlssfll\iltﬁ(ijur:wnmn;tektgiir:joelr\l;vggzé}j, dc\elé\l)éloa\l/\r/]ld g t?]léaggltﬁtti'gﬁ at account the concentration dependence of the lithium diffusion
y coefficient?® nor does it correct for any changes in the IR drop

room temperature. After a pH of 7 was reached, the solution was e Do
poured into 3:1v/v) petroleum ether/ethanol mixed solvent, and the across electrode surface filrfesther due to a variation in current or

recipitated polvmer was dried under vacuum at 100°C for 3 da sin film thickness during the course of the st However, these
precip poly . i . YSadded complications have no effect if the transference number is
BF; incorporation was carried out in methanol under a nitrogen

X ) experimentally found to be unity; a constant current response obvi-
atmosphere. BFTHF complex was introducedia 5 wt %polymer  5ie5 the need for IR corrections and also implies that concentration

solution to achieve a 1:1 molar ratio BREOO™. After 3 h stirring  gradients are absent in the electrolyte. Transference number tests
at 25°C, the solvent was removed by evaporation and the obtainefere performed at room temperature.
polymer dried under vacuum at 100°C for 3 days. The electrochemical stability of the materials was investigated by

~ For electrochemical studies, the dried polymer was redissolvectyclic voltammetry performed at room temperature. The electrolyte
in chloroform or THF, solvent cast onto glass substrates and driedyas pressed between an oversized counter electrode of lithium and a

under vacuum at 100°C for 3 days. The obtained polymer@@9- .08 cnf working electrode of platinum to a film thickness of ap-
500 um thick) was then cut into pieces 0f0.1 cnf area in a glove  proximately 200um. Using a Solartron 1286 electrochemical inter-
box. face (Solartron Analytical, Houston, TXcontrolled by a personal

Small angle neutron scatterit§ANS) experiments were carried  computer running CorrWaréScribner Associates, Inc., Southern
out at room temperature on the NG-7 30-m instrument of the Coldpjnes, NG, the potential was scanned from2.5 to +5.0 V at a

Neutron Research Facility at the National Institute of Standards andyeep rate of 25 mvs.

Technology(NIST) to investigate the morphology of the block co- . .

polymers. A sample-to-detector distance9m and a monochro- Results and Discussion

mated neutron wavelength of 6 A were used to cover scattering The molecular weight and compositional characteristics of the
wavevectors in the range of 0.002A< Q < 0.07 A%, precursor block copolymers synthesized for this study are presented
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Figure 1. SANS data for three single-ion conducting BCEs with 1:1:1 molar
ratios LMA:LIMA:OEM. The domain spacing calculated from the scattering
maximum for the triblock system is 22.7 nm as compared-£8.5 nm for
the two diblocks.

Figure 2. Phase-contrast AFM image of IIMA-r-LiMA )-b-POEM (1:1:1)

film cast on silicon. The majority POEM domai82 wt %) appear as the
in Table I. For the diblock architectures, monomer mixtures of darker phase.
LMA/tBMA or OEM/tBMA were polymerized first, followed by
sequential addition of OEM or LMA monomer, respectively. Poly-
merization of the triblock materials was carried out by sequentialcompared with PLMAb-P(LIMA- r-OEM) suggests that the three
addition of LMA, tBMA, and OEM. In all experiments, monomer blocks organize as three distinct domains, creating high contrast
conversions were almost quantitative based on gravimetric analysidetween the PLIMA and PLMA phasésee Table ). For RLMA-
the molecular weight and composition of the block copolymers werer-LiMA )-b-POEM, the calculated scattering length densities predict
controlled by the feed ratio. Molecular weights of the block copoly- very weak scattering contrast between the blocks. Observation of a
mer products ranged from 28,900 to 83,800 g/mol, with somewhatpeak at wavevectog* = 0.022 A% (d = 28.5 nnj is thus good
broad polydispersitie$~1.2), indicating partial termination of the evidence of block demixing in this system.
first block from impurities in the OEM macromonomer. Hydrolysis Further support for this conclusion was obtained from AFM in-
of the tBMA component and subsequent lithiation produced single-vestigation of a RLMA- r-LiMA )-b-POEM (1:1:1) block copolymer
ion conducting BCEs. film deposited on silicon. Figure 2 shows a phase image of the film

Previously, achieving high conductivity in salt-doped BCEs re- surface. The contrast in this case arises from differences in stiffness
quired microphase separatiéincal demixing of the ion-conducting  exhibited across the surfaé&?®Two distinct phases are seen with a
and secondary blockS:?! Evidence for microphase separation of characteristic periodicity 0f-25 nm, which is smaller than, but still
the single-ion conducting BCEs was obtained from SANS, AFM, consistent with, the value determined by SANS28.5 nnj. In this
and DSC studies. SANS data from PLMAPLIMA-b-POEM, image, the light phase is interpreted to be the stiffer minority
P(LMA-r-LiMA )-b-POEM, and PLMAB-P(LIMA-r-OEM) sys- P(LMA-r-LiMA ) block domains, whereas the majority POEM phase
tems, each with 1:1:1 ratio LMA:LIMA:OEM, are shown in Fig. 1. forms an interconnected network. The larger light domains observed
For the triblock(PLMA-b-PLIMA-b-POEM), an intense first-order  likely contain RLMA-r-LiMA ) copolymer impurities generated by
reflection is observed at a wavevectgr = 0.0277 A%, indicating partial termination of this block during the living synthe&isTheir
that this material is ordere@nicrophase separatgdvith a charac-  inclusion in the block domains would shift the peak of the SANS
teristic period of~22.7 nm. data to a lower wavevector, accounting for the discrepancy between
Peaks are also observed for the diblock materials, but they ar@eriodicities determined by SANS and AFM for this system.

less intense and shifted to lower wavevectors. The latter finding is DSC was performed on the thré&:1:1) molar ratio single-ion
consistent with the higher molecular weight of these systems comBCEs in the temperature range 6150 to+150°C. For the triblock
pared with the triblockTable ). The lower peak intensities can be system, two distincT 4 values were observed, at53 and—20°C,
explained by the lower scattering contrast between the distincthought to correspond to the PLMA and POEM phases, respectively.
blocks of these systems. Table Il shows the calculated neutron scafFhermal signatures for PLIMA should fall outside the temperature
tering length densities for each of the block components of therange of investigatio”R® The T, of the POEM block domain
BCEs investigated. Block miscibility in the PLMBA-P(LIMA-r- (—20°0 is higher than that of POEM homopolymer
OEM) system is unlikely due to the difference in block polarities. (Tg ~ —60°C), a first indication that Li from the neighboring
The higher peak intensity of the PLMB-PLIMA-b-POEM triblock  pLjMA block enters the POEM domains. The DSC trace for PLMA-
b-P(LIMA-r-OEM) similarly reveals twoT, values at—58 and
—11°C, indicative of microphase separation. THENPA-r-LiMA )-

Table 1. Neutron scattering length densities for BCE compo- b-POEM system, by contrast, shows only a singjeat —12°C. As
nents. both SANS and AFM data on this material strongly indicate a
microphase-separated structure, the single glass transition may be
Block components by (A7?) interpreted as comparable shifts Ty of the PLMA and POEM
POEM 0.697 x 10°° domains due to the incorporation of LiIMA in the PLMA block,
PLIMA 1.967 X 10°© again implying Li" migration into adjacent POEM domains.
PLMA 0.151 X 107 To verify the single-ion nature of the electrolytes, transference
P(LIMA- r-OEM) 0.982 X 10°° number measurements were made in lithium symmetric cells. Figure
P(LMA-r-LiMA ) 0.709 X 107 3 shows the current response to the application of a stepped poten-

tial to a cell fitted with the PLMAb-PLIMA-b-POEM (1:1:1) elec-
2 Calculations assume a mass density of 1.1 g/cm trolyte. The current and voltage waveforms are completely in phase,
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Figure 3. Transference number measurements at room temperature fo

PLMA-b-PLiMA-b-POEM (1:1:1) in a lithium symmetric cell hgure 5. Cyclic voltammetry at room temperature fo(LRA-r-LiMA )-b-

POEM (1:1:1) incorporated in a cell with a platinum working electrode and
a lithium counter electrode, demonstrating the electrochemical stability of
the single-ion conducting BCE to 5 V. The sweep rate was 25 mV/s.

with no evident polarization. The slight linear decay in the current

can be ascribed to the formation and growth of a passivating film on ) ' .

the lithium electrodes; when the magnitude of the applied potentiaimagnitude higher than that of the PLMAP(LIMA- r-OEM) mate-
was abruptly reduced to zero, no current behavior akin to a dischargtial over the range of temperatures studied, confirming preliminary
ing capacitor was observed. Therefore, the anions were effectivelyindings by this laboratory> Conductivity data could be fit to the
immobile over the time frame of the experiment. Longer stepped-Vogel-Tammann-FulchefvVTF) equation

potential test§Fig. 4 demonstrated that anions did not migrate even _ _1p _ _

over a period of several hours. All the electrolytes, including those o = AT exi —Eo/k(T = To)] [1]
complexed with BE, exhibited similar behavior in stepped- where the pre-exponential teris proportional to the number of

otential studies, indicating that for all materials the transference S . .
Eumber was effectively uni?y charge carriers in the systeilkT is the thermal energy, anf is a

Figure 5 shows that (BMA-r-LiMA )-b-POEM exhibits excel- reference temperature roughly associated wittlhef the conduct-
lent electrochemical stability at room temperature, with no sign of ing polymer hostT, usually falls 25-50 K belowl . The activation
breakdown evident up to the 5 V limit. This result is consistent with €nergy,E,, scales inversely with the ease of motion of the charge
findings published previously. All single-ion systems investigated ~ carriers. VTF fits(Table Ill) showed that the variation in conductiv-
(including those with BE incorporation possessed electrochemical ity is attributable to vastly different numbers of mobile iainspre-
stability comparable to that demonstrated in Fig. 5. sented byA). While the activation energy appears to be lowest for

AC impedance spectroscopy was used to measure the ionic cor?LMA-b-P(LIMA-r-OEM), any associated gain in conductivity is
ductivity of the BCEs over a range of temperatures. Figure 6 dis-more than offset by the five order-of-magnitude difference in the
plays results for the three systems incorporating equimolar ratios oPre-exponentiaA parameter. The VTF fits support the hypothesis
LiMA, OEM, and LMA in three distinct architectures. Remarkably, that ion dissociation is induced in theLIMA-r-LiMA )-b-POEM
the conductivities of the electrolytes with the anion bound outside ofand PLMAD-PLIMA-b-POEM materials by microphase separation
the ion-conducting POEM block, namely (LBMA-r-LiMA )-b-

POEM and PLMAb-PLIMA-b-POEM, are one to two orders of
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Figure 6. Temperature dependence of electrical conductivity of the single-
Figure 4. Extended-time transference number measurements at room temion conducting BCEs having 1:1:1 molar ratios LMA:LIMA:OENAnNion
perature for PLMAb-PLIMA-b-POEM (1:1:1) in a lithium symmetric cell. placement is denoted in the legend.
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Table Ill. VTF fit parameters for the single-ion BCE materials. T('C)
97 72 494 30 12.6
A Ea To 1E-4 ' ! :
(SKO.S Cm—l) (eV) (K) —a —a—P(LMA-r-LiMA)-5-POEM
- . —e—P(LMA-7-LiMA)--POEM with BF
P(LMA-r-LiMA )-b-POEM 4.52 0.121 206.2 1—e _ _ :
PLMA-b-PLIMA-b-POEM 4.82 0.122 205.5 1E-5 4 —A—PLMA-b-P(LIMA~-OEM) with BF,
PLMA-b-P(LIMA- r-OEM) 75x% 1075 0.026 250.2 2
5 4,
2
-
of incompatible POEM and PLMA blocks. Upon microphase sepa- 3 1E-6 5 N
ration, the anions become spatially isolated from the ion-conducting® N
POEM component, being tethered to the chain backbone. However'g ]
the cations are free to migrate into the POEM domains. The re-C 1.7 \g
corded conductivities for these systems suggest that the solvatin 3
power of PEO for Li is sufficient to overcome the electrostatic
energy penalty to separate *Liand COO into adjacent nan-
. 1E-8 .
odomains. 2.7 29 3.1 3.3 3.5
Further evidence to this effect is shown in Fig. 7, which com- ‘ ' T ‘ ‘
pares the FTIR spectra for the(LMA-r-LiIMA )-b-POEM and 1000/T(K™)

PLMA-b-P(LIMA- r-OEM) systems. The asymmetric stretching vi-
bration of the carboxylate ion is observed al600 cm* when
LiMA is incorporated in the POEM block, as compared-+d.650
cm~t when incorporated in the PLMA block. This shift to higher
frequency can be linked to an enhanced dissociation 6f and
COO". In alkali metal methacrylate homopolymers, this vibration . .
has been reported at1560 cm 129 It has further been demon- €M ~, comparable to the peak position found fdt MA-r-LIMA )-
strated that adding low molecular weight polyethylene gly&®G b-POEM for this vibration. These findings suggest thag Efcor-

to random copolymers of methyl methacrylate and LiMAMRIA- poration induces ion dissociation with effectiveness similar to
r-LiIMA ), results in a shift of the COOstretch to higher wavenum- ~ counter ion isolation. Interestingly, when BRvas added to the
bers due to ion-dipole interactions between the lithium cations andP(LMA-r-LiMA )-b-POEM and PLMAb-PLIMA-b-POEM (1:1:1)

the ether groups of PE®.In the RLMA-r-LiMA )-b-POEM system  €lectrolytes, no change in conductivity was obserffd. 8). These
investigated here, this shift becomes more pronounced, consisterigsults support the notion that ion dissociation is already substan-
with increased dissociation of tiand COO, presumably due to tially achieved in these systems by the spatial isolation of counter
Li* migration into the POEM domains. ions resulting from block demixing.

A more traditional approach to reduce ion pairing in single-ion _ Although conductivities for the ®MA-r-LIMA )-b-POEM and

conducting polymer electrolytes has been to decrease anion charqDeLMA'b'PLiMA' b-POEM(1:1:1) systems were an order of magni-

density, for instance, through the incorporation of a suitable Lewistude or more above that found for PLMAP(LIMA-r-OEM)
acid?4 For example, BE has been shown to strongly associate (1:1:12), they remain too low for practical application. For these sys-

with carboxylate anions, reducing the effective anion charge densit)}ems' the relatively high EO:Li ratio of-9:1 limits the number of

and thus ion pairing interactior’®. When BR, was added to the unoccupied sites available for Lidiffusion, raises theT of the
PLMA-b-P(OEM-r-LiMA ) (1:1:1) electrolyte, the conductivity of ~PClymer, and also possibly induces ion clusterth@y diluting the
this material was raised to the level of the other two 1:1:1 systemsUmber of charges through a reduction in LIMA content to EO:LI

The FTIR spectrum of the BFcomplexed materialFig. 7) shows a ratios above 20:1, the room temperature conductivity can be appre-

corresponding shift of the asymmetric carboxylate stretch to 1657¢:|ably enhanced for both architectures, as shown in Fig. 9. However,

Figure 8. Temperature dependence of electrical conductivity of the single-
ion conducting BCEs having 1:1:1 molar ratios LMA:LIMA:OEM after
complexation with BE.
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Figure 7. FTIR spectra of single-ion conducting BCE&) P(LMA-r-
LiMA )-b-POEM, (b) PLMA-b-P(LIMA- r-OEM), and(c) PLMA-b-P(LIMA- Figure 9. Temperature dependence of electrical conductivity of single-ion
r-OEM) complexed with BE. conducting BCEs with different EO:Li ratios.
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note that having a larger number of charge carriers becomes advan- _The Massachgsettg Institute of Technology assisted in meeting the publi-
tageous at high temperatures, indicating that the optimal architectureation costs of this article.

for a single-ion conductor depends on the temperature range of the
application.

1.

Conclusions 2

In this work, microphase separation of incompatible PLMA and
POEM blocks of single-ion conducting BCEs provided a mechanlsm
to explore the effect of counter ion placement of konductivity.

When the carboxylate anions were spatially separated from the ion-s.

conducting POEM domains, conductivities were 1 to 2 orders of

magnitude higher than for stoichiometrically equivalent materials in 6
7. Y. Zheng and G. Wan]. Macromol. Sci.,

8. R. A. Vaia, S. Vasudevan, W. Krawiec, L. G. Scanlon, and E. P. Gianreig,

which the counter ions resided within the POEM domains. From
VTF fits and DSC and FTIR studies, the higher conductivities could
be linked to enhanced ion dissociation, apparently due to the migra-
tion of Li™ into POEM. The results imply that the energy gained by

* solvation in POEM is sufficient to outweigh the electrostatic 10.
11. J. M. G. Cowie and G. H. Spencgolid State lonics123 233(1999.

12.

energy penalty for nanoscale separation of tiiom COO, by
rough approximation

e? 13.

E; = — 2
| L|+solv| 4W€08rLi-O [] 14.
15.

whereE ;+¢qy iS the Li" solvation energyg is the dielectric constant

of P(LMA-r-LIMA ), andr ;o is the distance between Liand O

in the Li*-COO™ ion pair. Based on the crystal structure of LiMA,
the value ofr ;o for associated ions can be estimated as 0.20 nm,
while € can be conservatively estimated as ZtBe value for
polyethyleng.®® The required LT solvation energy to achieve ion
separation can thus be crudely approximated-890 kJ/mol. Re-
centab initio calculations for Li-PEO complexes gave Libinding

energies in the range of 500-600 kJ/mol, depending on EO coordi21:

nation numbet4-6),%* suggesting that L'i migration into the POEM
domains from PLMA is energetically feasible. This work thus dis-

closes a potential new strategy for enhancing conductivity in single-3.

ion conducting polymer electrolytes by spatial isolation of the 24.
25.

counter ion outside of the ion-conducting PEO-based domain.
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