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following remarkable progress has been made s&fai
variety of materials, including ionic liquid$,liquid crystalline

(LC) materials*3-16 block copolymer$;t”20 dendrimerg! and
supramolecule® have been synthesized for the purpose of
preparing nanostructured ion conductors with geometries varying
from columnat?22and layeretf~1523to gyroidal structure®?!
When using the chemical methods to prepare patterned mem-
branes, it is essential to have uniform alignment and coaxial
orientation of the phase-segregated nanostructures on the
macroscopic scale to guarantee a large and reproducible
anisotropy. In light of their potential application to electro-
chemistry, the conductive nanochannels should be aligned
perpendicular to the electrode surfééé Especially, Kato and
Ohno succeeded in demonstrating both high conductivity and
its large anisotropy up to three orders of magnitude in well-
designed LC ionic liquid materiakTheir success includes a
smart surface modification of the electrodes on the conductivity
measurement with an organic monolayer so as to control the
surface enerdgy and as a result, to align ion-conductive channels
normal to the electrode surfagé® In principle, the conductivity

Nanostructured polymer membranes that exhibit anisotropic '™ ) o i ;
ion transport have attracted much attention recently because theyAniSOtropy includes both how efficiently the ions can be migrated
can be exploited as scaffolds and templates for efficient 20ng the designed ion channels and how effectively the
fabrication of various nanoscopic structures/objéétas well transport in the orthogonal directions can be blocked by the
as in electrochemical systems, such as high performance Iithiumdes'Q“ed anisotropic nanostructure. Although the average aniso-
ion batteried® and fuel cell§—9 In principle, a physical tropic nanostructures have been analyzed SO far by small-angle
approach was used for preparing anisotropic polymer mem- X-ray scattering (SAXS) or polarized optical microscopes,
branes containing low-dimensional ion conductors. For example, Microscopic observation such as TEM and AFM will be
one-dimensional (1D) conductivity has been demonstrated in aPreferable to evaluate the local disorder or defects.
track-etched polycarbonate membrane with nanopores, which Here, we report an anisotropic lithium ion conductivity in
were infiltrated with lithium ion or proton conductive poly- phase-segregated LC diblock copolymer membranes with
mers!®11From the viewpoints of practical application and mass perpendicularly oriented poly(ethylene oxide) (PEO) cylindrical
production, a chemical approach based on self-organizationdomains as ion transport channels, which can be well visualized
seems to offer the promising potential for introduction of by recently developed cross-sectional AFM imagifie Jeu
anisotropic nanostructures to ion conducting materials, as theand co-workers have already demonstrated effective orientation

of upright lamell&” or cylindef® nanostructures in thin films
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thick membrane was endowed with amphiphilicity as a stronger
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EO:Li*= 120:1

Top view

Cross sectional view

Figure 1. AFM phase images of PE@-b-PMA(Az)47 + LICFsSO; membranes at different EO:Liratios. Key: (A, B) 120:1; (C, D) 20:1; (E,
F) 4:1. The top images are surface morphologies of the membranes, and the bottom images are their cross sections. Insets are the corresponding
fast Fourier transformation images.

domain-selective hybridization with additives and specific - ‘! :
reaction field to the space-restricted dom&#f$As a result, a . A ‘
unique ordered nanostructure, wherein an array of hexagonally =)
arranged and perpendicularly oriented PEO nanocylinders span ‘: \~4\1
both surfaces, beyond microscopic view to a meter-length scale, () |
can be fabricated just by using simple thermal annealing without -4 20:1
any special surface treatmeiesé S \\\'
Selective doping of lithium salt into the PEO cylindrical ° 5
domains was achieved during the microphase segregation, i.e., @ ‘ : 120:1
just by mixing an appropriate amount of LigF0; with 4 wt < éopcilym(,r |
% of toluene solution containing the copolymer, coating onto 1
the desired substrate, and annealing at i@Cfor 24 h. The 1210 1140 10701210 1140 1070
microphase segregation forces the PEO cylindrical domains Wavenumberlcm'1

containing _the Iitl_1ium salt to be _hexagonally arra_nged gnd Figure 2. FTIR spectra of complexes of PEGb-PMA(AZ)sr +
normally oriented in the hydrophobic PMA(Az) domain matrix. | iCF,S0; (A) and PMA(AZ); + LiICFsSO; (B) over a range of
The LC ordering as smectic phase ensures the macroscopicalljEQ:Li+ ratios. The arrow in part A indicates a 1160 @npeak, and
unidirectional orientatiot 28 of the PEO cylindrical domairi§ 3> the arrow in part B indicates a 1180 cthnpeak, which represent
The doped salt concentration has an influence on the nano-asymmetric stretching modes of €&f the counteranion of the salt.
structure of the membrane including periodicity and orientation

of the ion conducting PEO nanochannel array. Figure 1 showschange in membrane morphology was observed as the salt
the structural evolution of the polymeric electrolyte membrane amount approached 4:1, where many in-plane-laid cylindrical
as a function of the salt concentration as probed by atomic forcedomains appear with the normally oriented ones on the surface.
microscopy (AFM) in the phase mode. When a small amount The diameters of both rods and dots observed become larger
of salt was doped into the copolymer, i.e., EO:E& 120:1 for due to a heavy amount of the doped salt. More clearly, a serious
the PEQ14b-PMA(AZ)4; + LICF3SO; complex (The amount  disorder was found in the cross-sectional image (Figure 1F).
of the doped salt is described by the molar ratio of an ethylene Both regularity of the PEO cylindrical domains and their orien-
oxide (EO) unit in the PEO to the cation), a hexagonally tation become considerably worse. The structural evolution de-
arranged PEO dot array was observed as a (001) face of thescribed above was confirmed independently by SAXS measure-
hexagonally arranged cylinder ph&&urthermore, the periodic  ments of the pellet samples (see Supporting Information).
nanocylinder array preferentially oriented perpendicular to the Although the hexagonal structural pattern is still preserved even
substrate surface, which was assisted by LC cooperative motionin the case of larger amount of the salt, both the regularity and
of the azobenzene mesog®i%-3> Most of the cylinders with orientation of the PEO nanocylinder array is seriously disor-
a diameter of around 11 nm can span the entire membrane, i.e.dered.

from one interface to the other. The nanostructure of the To determine whether the salt was selectively hosted by the
complex is similar to that of a pure copolymer fif¥1.3° These PEO domains of the block copolymer, Fourier-transform infrared
structural features were preserved at an EO1aitio of 20:1, (FTIR) spectral analysis was performed as a function of salt
that is, well-ordered nanocylinders were predominantly formed concentration (Figure 2A). As a reference, the FTIR spectra of
vertical to the substrate surface, which exhibited a slightly homopolymer-based complexes of PMA(4z}- LICF3SO; are
enlarged periodicity with increasing salt concentration. A serious presented in Figure 2B. The spectrum of the pure copolymer
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Figure 3. DSC thermographs of PEQ-b-PMA(Az)4; and its com- ic? 10~ I ) 4:1,
plexes doped by LiCfSO; at different ratios of EO:Li = 120:1, I Isotropic
20:1, and 4:1, obtained upon the second heating procedure at a scanning A1k | transition 20:1,0/
rate 10°C/min. | temperature |
I I IR NI R R |
exhibits two strong absorption bands at 1151 and 1142'cm 24 26 28 30 32 34
which are ascribed to stretching vibrations of O—C bonds 1000/T /K

in PEO main chain and PMA(Az) side chaifhAs the amount - 4. Anisotrobic | ductivity of PEQ.b-PMA(AZYer +
of the added salt increased, the FTIR spectra of the homopoly-l_i'g‘f:';eSQ; com?)?e;%glgsm:fﬁggtigr? '(;’f't{}r?]pera%}e for Eé:t?ﬁg o
mer and copolymer changed in different manners. For the 20:1 and 4:1; perpendiculad(0) and paraliel @, W) to the substrate.
homopolymer, PMA(Az); + LICF3SG;, the intensity of the
peak centered at 1180 crincreases noticeably with increasing  tion, representing the melting of a newly formed stoichiometric
salt concentration, whereas little increase was observed for thecoordination crystalling€®
copolymer. In contrast, a new peak appears at 1160 ¢or Figure 4 shows the temperature dependence of the ion
the copolymer at EO:Lli= 4:1, as well as in PEO homopolymer conductivities perpendicularcf) and parallel ¢;) to the
(see Supporting Informatiod§.Both 1180 and 1160 cm peaks substrate at two salt concentrations. At an EO:tstio of 20:
are assigned to asymmetric stretching modes of @Fthe 1, the og conductivity initially increases with the increasing
counteranion of the salt, which have been used as probe sensitivéemperature. Above the transition temperature from the smectic
to its local environment® The different performances of A to the isotropic phase, the; conductivity abruptly drops.
asymmetric stretching modes of € copolymer, PMA(Az) The same tendency was observed at the higher salt concentration
homopolymer and PEO homopolymer systems indicate that (EO:Li* = 4:1), although an increase i, conductivity was
lithium salt is mainly dissolved within the PEO domain, leading not so high as expected one. On the contrarygtfemnductivity
to the formation of ion-transporting nanochannels surrounded behaves in a different manner, exhibiting a monotonous increase
by ion-insulating PMA(Az) segments. At high concentrations, with increasing temperature for EO:Liatios of 20:1 and 4:1.
salt may be distributed within the PMA(Az) matrix of the block Moreover, theop conductivity is always larger than the,
copolymer, as indicated by a slight change in the shoulder peakconductivity in the smectic phase. The maximum anisotropies
at 1180 cml. (od/ay) reach 450 and 40 for EO:tiratios of 20:1 and 4:1,
Differential scan calorimetry (DSC) measurements further respectively.
clarify the structural evolution. Figure 3 depicts DSC traces of It is apparent that when the salt concentration is not too high,
complexes at various salt concentrations. In the case of the purd.e., at EO:LI" ratios from 120:1 to 20:1, the complex can inherit
copolymer, there are two well-defined endothermic transitions the unique structural properties of the diblock copolymer very
at 37 and 117C and a small transition at around 85. These well (see Supporting Information). The LigFO; is predomi-
transitions represent melting of the crystalline PEO domain, nantly dissolved in the PEO domains, which play an important
transition from the smectic A to the isotropic phase, and that role as 1D ion transport channels with decananometer diameter
from the smectic X to the smectic C phase, respecti¥ely. across the entire membrane. In addition, a loose cross-linking
At low salt concentrations (EO:Lli= 120:1), there was arapid  effect of the Li*-coordinated PEO chains can effectively
reduction in the enthalpy indicated by the PEO melting peak. suppress PEO crystallization in the limited nanospace. These
On the basis of the enthalpy value, the PEO crystallinity is factors would lead to highly anisotropic conductivity. However,
estimated to be about 46% of that of the pure copolymer. This at even higher concentration (EO'Li# 4:1), a number of L
reduction in crystallinity is desirable for ion transport because could bring about a kind of strong cross-linking effect in the
it is generally accepted that ionic conductivity occurs primarily PEO domains due to the formed stoichiometric coordination
through amorphous regioR4? At medium concentrations (EO:  crystalline3® and furthermore, some of them might interact with
Lit = 20:1), the melting peak entirely disappeared, indicating the ester and/or ether groups even in the hydrophobic PMA-
the PEO domain is fully amorphous. In contrast to this (Az) domains. These effects would disrupt both LC ordering
copolymer system, variation in the salt concentration has a veryand the inherent microphase separafit. should be noted
limited impact on reducing the crystallinity in PEO homopoly- that the moderate anisotropy obtained here, 450 at EC:Li
mer systen?® The difference is likely to be related to size 20:1, as well as relatively low conductivity, might be due to
confinement effect of the nanocylindéfsOn the other hand,  the strict measurement of; conductivity of the membrane with
there was no significant change in the transition from the smec- its thickness larger than 50m so as to avoid any electrical
tic A to the isotropic phase for samples prepared at EO:Li leakage. Our ongoing work is to develop the conductivity
ratios of 120:1 and 20:1. However, at high salt concentration measurement by using a thinner reliable film with much less
(EO.Li™ = 4:1), there was a dramatic broadening in the isotropic defects and simultaneously evaluating the quality of the nano-
transition temperature range. This change suggests the alignmerstructures, which is just our motivation in this field.
of the LC domain was greatly disturbed, which was consistent In summary, we demonstrated the anisotropic ion transport
with the disordered structure observed by AFM. In addition, behavior in phase-segregated electrolytic membranes by selec-
an endothermic peak was observed at @7t this concentra-  tive doping of LICRSO; into the PEO domains of LC
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amphiphilic diblock copolymers. The perpendicularly aligned
PEO cylindrical array containing tj visualized directly by
AFM cross-sectional mapping, provides straight ion transport
paths as 1D nanoconductors, resulting in effective conductivity
achieved vertical to the substrate surface. The findings will
promote the development of novel polymer materials with faster
ion transport and larger anisotropic conductivity than existing
materials.
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