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Microphase separated block copolymers consisting of an amorphougthgigne oxide (PEO-based polymer covalently bound

to a second polymer offer a highly attractive avenue to achieving both dimensional stability and high ionic conductivity in polymer
electrolytes for solid-state rechargeable lithium batteries. However, due to the strong thermodynamic incompatibility typically
found for most polymer pairs, the disordered, liquid state of the copolymer can rarely be achieved without the incorporation of a
solvent, which complicates processing. Herein, we report the design of new block copolymer electrolytes baseg@nathybly
methacrylatg PMMA, and polyoligo oxyethylene methacrylgtePOEM, which are segmentally mixed at elevated temperatures
appropriate for melt processing, while exhibiting a microphase sepa@tiered morphology at ambient temperature. Although

pure PMMA-b-POEM is segmentally mixed at all temperatures, it is shown that microphase separation in these materials can be
induced in a controlled manner by the incorporation of even limited amounts of lithium trifluoromethane sulfonatsS@)CF

a salt commonly employed to render PEO ionically conductive. Such “salt-induced” microphase separation suggests a simple
method for designing new solid polymer electrolytes combining high ionic conductivities with excellent dimensional stability and
improved processing flexibility.
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Amorphous polyethylene oxide (PEOQ-based materials doped low temperature due to a net repulsion between the dissimilar block
with alkali-metal salts are favored candidates for use as electrolytesegments. However, when heated to a sufficiently high temperature
in solid-state rechargeable lithium batteries. Yet, technical obstaclesuch that this repulsion is overcome by the entropy of mixing the
to their commercialization derive from the inability to satisfy simul- two segment types, these materials undergo an order/disorder tran-
taneously the electrical and mechanical performance requirementsiition, denoted ODT, accompanied by a solid-like/liquid-like rheo-
while retaining melt processing capability. Among others, a highly |ogical transitiont? The precise temperature of this thermodynamic
attractive avenue to achieving both high ionic conductivity and di- transition is governed by three parameters: the composition of the
mensional stability consists in covalently bonding an amorphouspjock copolymer, its total molecular weight, and the degree of ther-
low T, PEO-based polymer to a second polymer, thereby forming amodynamic compatibility, or Flory-Huggins interaction parameter,
block copolymer:® Depending on the degree of thermodynamic y 15 petween the two blocks. In practice, the experimental observa-
compatibility between the two polymer blocks, such a copolymertion of the ODT is often impeded by the strong thermodynamic
will either be segmentally mixedtlisorderedi or microphase sepa-  incompatibility characterizing most high molecular weight polymer
rated (ordered into periodically spaced nanoscale domains of the pajrs. Indeed, this results in ODT temperatures that exceed by far
Q|fferent9_l132Iock$, with the covalent junction residing at the the gegradation temperature of the polymer, except for very low
interface>™" This tendency of block copolymers to microphase ygjecular weight system@ligomers of little commercial interest.
separate or self-assemble into ordered structures, such as lamellgt; g an applications standpoint, this strong incompatibility is ben-
_blcontlnuous, cyhndrlcal, or spher_lcal morphologies, is of particular eficial, as it results in remarkably stable and well defined solid-like

here flow is essential, the ability to access the disordered liquid

deed, analogous to crystallization or cross-linking, self-assembly o . . "
block compolymer chains confers solid-like mechanical propertiesState at reasonable processing temperatures without the addition of a

to the material at the macroscopic scale over extended temperatu%om”t‘r?n ;olvent |fs cIearI;;_S_(ﬁtswzblte. Thetrr(]efotre, t;)?'n?( ab;e tglf'nlf
rangest?In contrast to crystallized or cross-linked systems, how- "U"€ the degree of compatibiity between the two bIoCks ot a bloc

ever, local chain mobility can still be retained through a judicious COPOlymer electrolyte such that the ODT is experimentally acces-
choice of composition and chain architecture. In this manner, mi-SiPle would greatly improve its melt formability. Herein, we report
crophase separated block copolymer electrolytes displaying higih® design of such a block copolymer electrolyte displaying tunable
room temperature conductivity and good mechanical performancdeVvels of interaction, including miscibility at temperatures appropri-
have been prepared. Both high 1-8 5nd |0WT96‘7 nonconductive  ate for _processmg150-200°(3 and cqmplete mlcrophase separation
blocks have been combined with PEO-based amorphous polymerdt ambient temperature. A schematic representation of the chemistry
such as polfoligo oxyethylene methacrylate POEM), and the  Of this block copolymer, made of a pdipethyl methacrylate
properties of the resulting electrolytes have been measured. OnéPMMA) block and a POEM block and denoted PMMAPOEM,
limitation arises, however, from the strong incompatibility of the is shown in Fig. 1. The phase behavior and ionic conductivity of
block components used in these systems and the resulting lack ?®MMA-b-POEM doped with various concentrations of lithium tri-
control over their bulk thermodynamics and rheological properties,fluoromethane sulfonate (LiIGEO), are analyzed by small angle
in particular the appearance of order/disorder transitions at temperayeutron scatteringSANS), dynamic rheological testing, and imped-
tures appropriate for processing. _ ance spectroscopy.
Block copolymers are usually orderédticrophase separatest The well-known miscibility of PMMA and polyethylene oxide
(PEO in the melt has been extensively studied since it was first
predicted® and experimentally verifidd2° 20 years ago. While the
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elastic regime for these materials. Whenever possible, the isothermal
frequency sweeps obtained at various temperatures were superim-

CH; CH; plates and further pressed down to a gap of 0.5 mm. The dynamic
| storage G’) and loss G”) moduli of the copolymers were deter-
CH, —C b—¢CH,—C mined isothermally as a function of frequency (61w
(CHa < > Jy < 400 rad/s), and temperature was varied from 100 to 200°C in
C— C—o 10°C increments. A strain of 0.5% was used, which is in the linear

|
0

posed about a reference temperature of 140°C in order to obtain
| I master plots*?3Data taken at torques lower thd g cm(the lower
CH; (CH; — CH; — O3 CH; limit of sensitivity of the transducéemwere discarded.
SAN scattering measurements were obtained at the Cold Neutron
Figure 1. Schematic representation of PMM&-POEM. Research Facility at the National Institute of Standards and Tech-

nology on beamline NG-3. The instrument configuration was
=6 A, AN\ = 15% and sample-to-detector distanees m,

; . ; Iting in values of the wave vectqr= 4 sin 6/\ ranging from
tional spectroscop§* A similar degree of thermodynamic compat- resu 1

ibility is naturally found for comb-shaped analogues of PEO such as2-008 to 0.08 A”. Results were corrected for background and de-
POEM. As a result, block copolymers of PMMA and POEM are tector |nhomoge.ne|tyjr11 the_standarq manner and data were scaled
essentially segmentally mixed at all temperatures, as the ODT foEsc;rr?glzosluz)?e\ljiglltjz(li/mme)lt l;)ftlans%ez iﬁ'tl(')cgi:l‘(t:lq%a:gﬁ] %%i;rﬂlgggro 1
this system lies well below th&, of the mixed(i.e,, disordered > i X :
phase, and therefore cannot be observed experimentally. Recentl 1m tg'(.:k’ V\E)here SaleW'ChEd t()jetween two quartz wmdﬁws _?nd
we found, however, that the degree of compatibility between aced in a brass cell connected to a temperature controller. Tem-

: _perature was varied by 10 or 20°C increments and sufficient time
gi',:iﬂol\:l]':‘ gp dLl(Fl)gg& C?)?\ebifd{r?énerC;:I)r/n?ezfaelcgeaﬁtsbi()er\r/\?oirlgagn?? was provided for thermodynamic equilibration at each temperature.

. o - In order to prevent thermal degradation at elevated temperatures, the
ployed to render PEO-based materials ionically conductive. It wa P 9 P '

; ) ) s‘previously degassed sample chamber was purged by a continuous
indeed expected that the preferential complexation of k8L oy of dry, grade 5.0 nitrogen throughout the experiment. Thermo-

with the ether linkages of POEM might lead to a weakening of the gy namic reversibility of the observed behaviors was verified in each
segmental interactions responsible for its compatibility with PMMA, .54 through temperature cycling.

thereby raising the ODT of the block copolymer. To better quantify — conqyctivities of the block and random copolymer electrolytes
this effect, the phase behavior of PMMB&-POEM was investigated  yere measured by impedance spectroscopy using a Solartron 1260
as a function of salt concentration. As reported herein, while PUreéimpedance gain/phase analyZ&olartron Instruments, Allentown,
PMMA-b-POEM (80,000 g/mol, 50 wt % POEMis segmentally  pA). Dry specimens, previously pressed into small disks of the ap-
mixed (disorderedi over the entire experimental temperature range propriate size, were loaded between a pair of blocking electrodes
(100-200°G, the addition of LICESO; in a molar ratio of 1 per 20 made of type 316 stainless steel and separated by a@6gap. The
ether linkages[EO:Li"] = 20:1) results in microphase separation electrode assembly was then placed inside a brass cell equipped with
at the same temperatures. Furthermore, for salt concentrations afeven hermetically sealed ports. To maintain dry conditions, the
30:1 and 25:1, the same block copolymer exhibits an ODT at 130sample preparation was carried out in an argon-filled glove box
and 160°C, respectively. Such a tunable “salt-induced” microphase(moisture level measured to be less than 2 pprhe four electrode
separation in doped PMMA-POEM therefore, suggests a simple lead wires were fitted to BNC connectors at four of these ports. Two
method for controlling the bulk thermodynamics and resulting rheo-ports, equipped with valves, served as inlet and outlet for argon or
logical properties of this material, providing a melt-formable elec- nitrogen flow. The last port accommodated an O-ring sealed glass

trolyte with significant room temperature ionic conductivity. tube through which a type-K thermocouple was fed and positioned
directly next to one of the stainless steel electrodes. The use of
Experimental compression fittings rendered the cell cap vacuum tight. The sealed

cell was removed from the glove box and annealed at 70°C for 12 h,

The anionic synthesis of PMMA-POEM has been reported bl : .
o ) anketed by a continuous flow of dry, grade 5.0 nitrogen. Conduc-
elsewheré.In the materials investigated here, the POEM block con- tivity measurements were carried over a temperature interval span-

tained 9 EQ units per PEO side chain, sufficiently short to preventning 30 to 170°C.
crystallization over the full range of temperatures and salt concen-

trations investigated. The total block copolymer had a number aver-

age molecular weightM,, of 80,000 g/mol based on polystyrene

standards and contained 50 wt % POEM, as determined by gel per- Figure 2a and b show the storagg’( and loss G") moduli of
meation chromatographysPQ and*H nuclear magnetic resonance pure PMMA-b-POEM and PMMAb-POEM doped with LICESO;
(NMR), respectively. In addition, a random copolymer of the same ([EQ]:Li = 20:1), respectively. Data obtained as a function of fre-
monomers, denoted (MMA-r-OEM), was synthesized by free duency at different temperatures have been time/temperature super-
radical methods as described in Ref. 22. The copolymer had amposed about a reference temperature of 140°C. As expected, the

weight average molecular weigh,, , of 63,000 g/mol with respect ~ data obtained for pure PMMA-POEM (Fig. 23 indicate that this

Results and Discussion

to polystyrene standards, a polydispersity inddy, /M, of 1.43, block cg)polymer. is disordered over the entire temperature range
and contained 50% POEM. lonically conductive electrolytes were (50-150°0, as evidenced by the low frequency power law behavior.
prepared by dissolving various amounts of LiSB; in these poly-  Indeed G’ andG” scale approximately with frequency @3 andow,

mer hosts, as described previoudfgalt concentrations correspond- fespectively, which is typical for segmentally mixed, homogeneous
ing to [EOL:Li* ratios ranging from 40:1 to 20:1 were incorporated PIoCk copglymer_melté.’ “When the same material is doped with
into PMMA-b-POEM and PMMA- r-OEM). LiICF3SQ;, in a ratio[EQ]:Li* = 20:1, however, a strikingly differ-
The phase behavior and rheological properties of these electro€nt behavior is observefig. 2. Now, bothG” andG” are found
lytes were determined by a combined use of dynamic rheologicato scale approximately as®° which is typical for a microphase
testing and SANS. Dynamic rheological measurements were obseparated block copolym&h?® This result demonstrates that the
tained using a Rheometric Scientific ARES rheometer operated irincorporation of even limited amounts of LigFO; in
the parallel plate geometry, with 25 mm diam aluminum plates. PMMA-b-POEM is sufficient to raise the ODT of this block co-
Previously melt-pressed samples were sandwiched between thgolymer from below 50 to above 200°C.
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Figure 2. Master plots ofG' andG" obtained about a reference temperature

of 140°C for(a) undoped PMMAb-POEM and(b) PMMA- b-POEM doped
with LICF5SO; (EO:LiT = 20:1).
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Figure 3. Scattering intensity profile for salt-doped PMMAPOEM at
160°C and indicated salt concentrations.

critical temperaturel opt below which the block copolymer is mi-
crophase separatédrdered. This is illustrated in Fig. 4 for an EO:
salt ratio of 30:1. The precipitous decrease in scattering peak inten-
sity with increasing temperature indicates that the material is under-
going a transition from the ordered to the disordered state. In fact, a
fully reversible ODT is observed at about 130°C for this particular
salt concentratiori30:1), as evidenced by the discontinuous change
in peak width between 130 and 140%€ee inset in Fig. ¥'? This
abrupt increase in peak width signals the destruction of the periodic
arrangement of the block copolymer chains in the microphase sepa-
rated state. However, in contrast to what is typically observed in
pure (undoped block copolymers, the peak positiarf, which is
inversely proportional taRy, the radius of gyration of the block
copolymer chain, is found to decrease as temperature increases and
the system moves away from the order/disorder transition. The coil
expansion is far more pronounced than what could be explained by

6107
3.8 % b
:5.5 10°
Keeping this in mind, we investigated the phase behavior of a 34 . 3 510
series of PMMAb-POEM block copolymer electrolytes doped with 3 ¥ .:’ o 180 34_5 - 4
LiCF3SO; concentrations corresponding to EO'Liatios ranging Q ::u'o o 170
from 100:1 to 20:1. The scattering intensity profiles obtained from <> 26 - 7 A, o 160 0 T w16 1m0
SANS as a function of wave vector= 4w (sin 6/\) are shownin & e g%AAAVV", s 150 o
Fig. 3 for four[EQ]:Li * ratios and at a fixed temperature of 160°C. _# 2.2 - ngﬁo%%vg. v 140 q
At this temperature and for salt concentrations corresponding to o e A 130 obT
[EQ]:Li * ratios of 20:1 and 25:1, a narrow, intense scattering maxi- 18 oooié"?fm ° a7 v o120 7
mum is observed. This sharp peak corresponds to the first orde Oog‘;'{% ¢ 110
Bragg reflection characteristic of the ordefeticrophase separated ¥
state. FO[EO]:Li * ratios of 30:1 and higher, by contrast, the block
copolymer remains segmentally mixed, as evidenced by the broade! ;
low intensity scattering maximum observed at a wave vegtoof 0.01
~ 0.018 A%, Such “correlation hole”(broad scattering is a well-
known signature of the segmentally mixed state of block
copolymers’* Hence, at 160°C, a critical salt concentratiop is Figure 4. Scattering intensity profile as a function of temperature for

reached, corresponding to[&O]:Li* ratio in the range between
25:1 and 30:1. For salt concentrations abayvg the two blocks

PMMA- b-POEM doped with LICESO, (EO:Li™ = 30:1). The inset shows
the change in peak width with temperature. Background subtracted intensity

become incompatible and the copolymer undergoes microphaseas fit to the Gaussian for(q) = | exd—(q — g*)%/202] to extract
separation. Likewise, for a given salt concentration, there exists a* ando.
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Figure 5. Temperature-dependence of the scattering peak pogjtioand

radius of gyratiorR, for salt-doped PMMAB-POEM (EO'Li* = 30:1). Figure 6. Order/disorder transition temperaturdpr, of salt-doped

PMMA-b-POEM as a function of salt concentration.

thermal expansion effects, which would yiela<d % increase iRy
over the temperature range 130-160%C+ 6 X 10* K™1). This tigated here, consistent with the observation of a segmentally mixed
is illustrated in Fig. 5 where* andR; are plotted as a function of ~ State at temperatures of 50°C and higtese Fig. 2a
temperature for the 30:1 sample. Generally, in fact, the opposite It is important to note that the materials investigated here are
trend is observed for block copolymers, namaiy, increasesR, fully amorphous, and the transitions observed at these relatively low
decreasesupon heating due to the more random coil configuration Salt concentrationg[EOJ:Li © > 20:1) truly represent reversible
of the block copolymer chains as the two blocks become segmenthermodynamic transitions induced by the progressive weakening of
tally mixed*>?® The unexpected increase in coil dimensions ob- the interactions between PMMA and POEM upon the addition of
served here upon disordering suggests that the chain conformation Ig§CF3;SO;. The influence of alkali-metal salts on the thermodynamic
modified upon segmental mixing of the PMMA and POEM seg- compatibility of PMMA and semicrystalline PEO was reported pre-
ments. It has been suggested previously that the interaction o¥iously by Vernugopakt al”’ and Eastmondt al*® However in
LICF,SO; with PEO chains promotes their helical conformatfén, those studies, the authors investigated a much higher salt concentra-
while upon blending with PMMA, the more opened planar zigzag tion regime([EQ]:Li * < 5:1), where the salt was found to domi-
conformation of the PEO chain is preferr@Provided similar con- ~ nate completely the thermodynamics of the system and reversible
clusions apply to the ethylene oxide side chains of POEM, thisphase separation could therefore not be observed. In contrast, for the
might account for the observed expansion of the polymer coil uponlower salt concentration regime probed here, a competition takes
disordering. place between, on one hand, the weak attractive interactions be-
Similar scattering profiles with ODTs at110 and~150°C were  tween PMMA and POEM segments and the conformational entropy
obtained for PMMAb-POEM doped wit{EO]:Li * ratios of 35:1  to be gained upon mixing, and on the other hand, the highly favor-
and 25:1, respectively. For the higher salt concentration of 20:1,able complexation of the PEO side chains of POEM with téat-
however, a sharp reflection was observed at all temperatures, conens. Provided the concentration of Liemains low, only a small
firming the ordered state apparent from dynamic rheological meafraction of ether linkages of the PEO side chains forms complexes
surements on this sample. These results are summarized in Tablewith the salt, while the remaining units are, in principle, free to
and Fig. 6, where the phase behavior and transition temperatures asteract with PMMA. However, even at low doping levels, this in-
obtained from SANS are given as a function of salt concentration.teraction is entropically hampered by loss of configurations of the
From these data, a very rough estimate of the zero salt concentratioREO side chains due to PEOLcomplexation. This explains why
ODT can be obtained by linear extrapolation. This yields a transitionmicrophase separation occurs at salt concentrations far below the
temperature of approximately 10°C for the block copolymer inves-value at which complete complexation of the PEO segments is ex-
pected (EOJ:Li* ~ 3.5)2% The results further illustrate how the
degree of interaction between the two blocks of PMMARPOEM

Table I. Phase behavior and transition temperatures of salt- can be controlled via salt doping and how this might be utilized to
doped PMMA-b-POEM as a function of LiCF;SO, concentra- design new electrolytes that can be easily processed from the melt,
tion. while displaying a microphase separated morphology at service tem-
peratures.
Salt concentration Type of Transition temperature By impedence spectroscopy, ionic conductivities of the electro-
[EQJLi* phase behavior Toor (°C) lytes were measured as a function of temperature and for the various
40'1 and lower always disordered ~80 salt concentrations discussed above. In order to characterize the ef-
351 oDT 110 fect of the order/disorder transition of the salt-doped block copoly-
30:1 oDT 130 mer on its electrical properties, data were taken over an extended
25:1 oDT 150 temperature range spanning 30 to 170°C. It was indeed expected

20:1 always ordered >200 that the loss of percolating nanoscale POEM domains might result in
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Figure 7. lonic conductivityo of salt-doped PMMAb-POEM (diamond$ 10004T-T ) (K’ 1000/T-T ) (K™
and RMMA-r-OEM) (triangles at a salt concentration of EO:Li ° °
= 30:1. The full lines represent fits to the experimental data obtained with

the VTF equation and using the parameters listed in Table II. Figure 8. Linear conductivity plots for salt-doped PMMB-POEM as a

function of temperature and at indicated salt concentrations. The full lines

represent fits to the experimental data obtained with the VTF equation and

using the parameters listed in Table II.

a drop of ionic conductivity in these materi&do better quantify

this effect, data were also taken for a random copolymer of the same

monomers, denoted P(MMA-OEM), and containing the same

fraction of each component as the block copolymer. (5.6- 10> S/cm) approaches that of the random copolymer

For amorphous solid polymer electrolytes in which there is a(1.8- 107> S/cm). This is consistent with the well known resem-

coupling between ionic mobility and segmental motion of the poly- blance between the macroscopic properties of a segmentally mixed

mer host, the observed temperature dependence of the conductivilomogeneousblock copolymer and a random copolymer of the

is generally non-Arrhenius and may be more effectively analyzed bysame composition. In general, while the individual properties of

the empirical Vogel-Tammann-Fulch&/TF) relatior?®3 each block are preserved in the microphase separated state, disor-
dered block copolymers in which both components are intimately
mixed at the molecular level exhibit averaged properties very simi-

[1] lar to those resulting from a random sequence of the two segment

types. More detailed examination of the data in Fig. 7, however,

. . . - - . shows that the conductivity of the block copolymer does not change

In this expressiong is the ionic conductivity A is a constant pro- gty upon disordering, but rather progressively deviates from

portional to the number of charge carries,is the apparent energy  {he |ow temperature trend to approach that of the random copoly-

barrier for ion motlor_wkls the Boltzmann constant,is the absolut_e mer. Such a gradual change in properties indicates that, although

temperature, and, is a reference temperature usually associatedtemporally homogeneous, the block copolymer still displays large

_Ea

_ —1/2
o(T) = AT ex| T = Ty

with the ideal glass transition of the matrix polymer. local instant fluctuations in concentration even at temperatures ex-
Measured values of the ionic conductivities of the block ceeding by far the ODT.
copolymer, PMMAb-POEM, and the random copolymer, The observed deviation from the low temperature VTF fit ac-

P(MMA-r-OEM), both doped with LiCESO; at a ratio of 35:1, are  companying the order/disorder transition is even more apparent in
shown in Fig. 7. As reported previously, the electrical performancethe linear conductivity plots shown in Fig. 8. Indeed, if the ionic
of the random copolymer is very poor compared to that of the blockconduction follows the VTF equation, a linear relationship between
copolymer® For a given salt concentration, the room temperature In(o*T*?) and (T — T,) is expected. Such relationships are shown
conductivity of the random copolymer is two orders of magnitude in Fig. 8 for the various salt concentrations considered in this study.
lower than that of the block copolymer (2.1810 8 compared to  Distinct deviations from linearity are observed at 110, 125, and
2.06- 10 ° S/cm. Hence, although the amount of conducting poly- 150°C for the 35:1, 30:1, and 25:1 samples, respectively. Such de-
mer is identical in these two materials, the formation of POEM ionic viations are not encountered for pure POEM electrolytes or for
pathways upon ordering of the block copolymer leads to a higherblock copolymer electrolytes that reside in the ordered state
conductivity compared to that obtained for a homogeneous systenthroughout the temperature range of measurefhastshown here
However, as temperature increases and the block copolymer goder the 23:1 sample. The deviation from linearity evidences a tran-
through the ODT(~110°C for a EO:L{ of 35:1), the rate at which  sition in the energetics of local ion motion and a reduction of the
conductivity increases with temperature slows down dramatically.effective ion density upon passing into the disordgratked-block

This is evidenced by the distinct departure from the low temperaturestate. The results presented in Fig. 8 further illustrate how the
VTF fit at temperatures exceeding 110°C. In fact, at 170°C, addition of LICRSO; to PMMA/POEM based block copolymers

a temperature at which the block copolymer is no longer micro-can be used to fine tune the rheological and electrical properties of
phase separated for this salt concentration, its conductivitythese electrolytes. For any given molecular architecture
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Table Il. VTF fitting parameters and ionic conductivities as a function of salt concentration for PMMA/POEM block and random copolymer
electrolytes.

A

) Eaq ORT 0100 0170

Sample [EOJ:Li* (S K°%cm) (kJ/mol (Slem S/cm Slcm
P(MMA-r-OEM)? 35:1 0.07 10.11 28.10°8 3.4.10°° 1.8.10°°
PMMA-b-POEM’ 35:1 0.08 7.69 2.0-10°° 26. 105 57.10°°
PMMA-b-POEM 30:1 0.08 7.79 1.8- 106 2.7-10° 51-10°°
PMMA-b-POEM 25:1 0.13 7.8 3.3.10° 43.10°° 1.1-10%
PMMA-b-POEM 231 0.13 8.02 2.3-10° 3.5.10° 1.4-104

4Ty = 209 K.

bT0 = 190 K, independent of salt concentration.

(e.g, PMMA-b-POEM diblockvs.PMMA-b-POEM-b-PMMA tri- plays a segmentally mixe(tlisordered state, due to a larger ther-

block), composition ¢pogy = Volume fraction of POEMand total ~ modynamic compatibility for this monomer pair. It was found,

molecular weighiM ,, a critical salt concentration exists which can however, that the degree of compatibility between the two blocks
be used to simultaneously optimize room temperature conductivitycan be dramatically affected by the addition of alkali-metal salts
dimensional stability, and processibility. For the particular block such as LICESQ,;, which form complexes with the EO units of

copolymer studied herédiblock copolymer,dpogy = 50%, M, POEM, thereby reducing the strength of segmental interactions be-
~ 80,000 g/mol this concentration corresponds t4EO].Li* ra- tween the blocks and the number of available configurations, raising
tio of about 25:1. the order/disorder transition. In fact, even limited amounts of salt,

The values of conductivity at room temperature, 100 and 170°ccorresponding t¢EOJ:Li ™ ratios of 30:1 to 20:1, were found to be
for each salt concentration are given in Table I, along with the sufficient to raise the order/disorder transition of the blpck copoly-
parameters used in the VTF fits. A constant valudgi= 190 K mer from below room temperature to temperatures ranging from 100
was utilized for the block copolymer in the microphase separated® 200°C, a range quite suitable for melt-processing. This salt con-
state, since it has been shown that this parameter does not depend 6gntration regime incidentally also corresponds to that typically re-
salt concentration for several PEO-based electroféue to the ported to lead to optl_mal el_ectrlcal performance of PEO-ba_sed elec-
alternating sequence of POEM and stiff PMMA units along the trolytes doped with LICESO;.  Although the particular
backbone of the polymer chain in the random copolymer, a highePMMA-b-POEM (50 wt % POEM copolymer discussed here only
value of 209 K was needed to fit the data for this material. This alsoexhibits conductivities of about 3107® S/cm when doped with
explains the higheE, for ionic motion in this material compared to LiCF3SO;, improved electrical properties for this electrolyte could
that of the block copolymer doped at the same concentré86ri). easily be obtained by increasing the volume fraction of the conduct-
Within experimental error, and for the concentration interval consid-ing block, changing the salt dopant, etc. The results presented here
ered here, thé&,, the pre-exponential factok, and the ionic con-  thus suggest a simple method for designing new block copolymer
ductivity o for the block copolymer are all found to increase with €lectrolytes which exhibit segmental mixitgnd flow at tempera-
increasing salt concentration. tures appropriate for processing, while displaying excellent dimen-

While the absolute conductivities listed in Table Il are below Sional stability and good ionic conductivity at room temperature in
those reported in recent studies, it is important to note that the blockhe microphase separated state. The observation of a tunable salt-
copolymer investigated here contains only 50 wt % POEM, just induced order/disorder transition in these materials demonstrates the
enough to form a percolating network of the conductive polymer. Asexistence of an extended thermodynamic range over which ionic
has been shown in previous repdttsthe electrical performance of ~conductivity, dimensional stability, and processing flexibility can be
such block copolymer electrolytes can be improved by a factor ofoptimized simultaneously through a judicious choice of total mo-
two or more by increasing the volume fractidmpogy of the con- I(_acular weight, chain architecture, and alkali-metal salt concentra-
ductive block, while still retaining excellent dimensional stability N
due to the microphase separated structure. In fact, the unique prop-
erties of block copolymers offer great versatility for controlling in- ) )
dependently the mechanical and conducting properties of the elec- This work was sponsored by the Office of Naval Research under
trolyte. The results presented here thus demonstrate that, besidé§ntracts N00014-99-0561 and N00014-99-0565, and in part by the
molecular architecture, composition and chain length, a fourth paMRSEC Program of the National Science Foundation under award
rameter, namely, the alkali-metal salt concentration, can be used t§MR 98-08941. The authors acknowledge the support of N.1.S.T.,
extend this principle to the simultaneous optimization of electrical U-S. Department of Commerce, in providing neutron scattering fa-
performance, mechanical properties, and processing ease. Finallgilities used in this work. This material is based upon activities
toward the goal of highly conductive solid polymer electrolytes, at SUPported by the National Science Foundation under agreement no.
least two extra handles commonly used but not considered here al@MR-9986442.
available to optimize performance: the nature of the alkali-metal salt  the Massachusetts Institute of Technology assisted in meeting the publi-
and the incorporation of low molecular weight PEO-based additivescation costs of this article.
such as polyethylene glycol dimethyl ether.
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