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Abstract: Nanostructures can be used for the fabrication of highly functional materials transporting ions
and charges. We demonstrate a new design strategy for polymeric higher ion-conductors. Phase-segregated
layers of alternating mobile tetra(ethylene oxide)s (TEOs) and rigid aromatic cores where the TEO moieties
are grafted from aromatic layers have been shown to be efficient to transport lithium triflate. Such segregated
structures at the nanometer scale (nano-segregated structures) were prepared by in-situ photopolymerization
of an aligned methacrylate liquid crystalline monomer comprising a terphenyl rigid rod mesogen having a
TEO terminal chain. The ion-conductive TEO moiety remains in the highly mobile state even after
polymerization, which is indicated by its low glass transition temperature (—45 °C). This nanostructured
film exhibits an ionic conductivity parallel to the layer of 102 S cm™! at room temperature. The highest
ionic conductivity is in the level of 1072 S cm~* observed at 150 °C. The anisotropic ionic conductivities

have been observed for the nano-segregated film.

Introduction

Self-organized nanostructures of liquid crystals can be applied

to anisotropically functional materials?® Supramolecular as-

sembly of molecules and nano-segregation can be used for the
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Figure 1. Design strategy for higher ion-conductive polymeric films. (a)
Liquid crystalline ion-conductive nanostructured polymers having oligo-
(ethylene oxide) chains (indicated in red) as spacer units of the side chains.
(b) Comb-shaped polymers having flexible ion-conductive oligo(ethylene
oxide) side chains (in red). (c) Combined design of the advantages of (a)
and (b): a new type of liquid crystalline nanostructured ion-conductor. The
nanolayers consist of liquidlike ion-conductive (in red) and rigid aromatic
mesogenic (in blue) domains.

preparation of such anisotropic materi&i&® These materials
have great potential as low-dimensional conductors of elec-
trong»115 and iong15-2° due to their phase-segregated struc-
tures. Macroscopic alignment of phase-segregated ordered
nanostructures consisting of conductive and insulating parts is
essential for efficient transportation. However it was not easy
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Figure 2. Molecular structures of ion-conductive polymers.
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have been reported. 37 For example, polymers with side chains

to achieve desired functions. Recently, we have reported thatof oligo(ethylene oxide)s were developed to improve ionic

the self-assembly of block molecules consisting of ion-conduc-

tive oligo(ethylene oxide)s and ion-insulating mesogenic rod
parts leads to the formation of two-dimensional (2-D) ion-
conductorg®2° They exhibit anisotropic ion conduction due
to the homeotropic alignment in the liquid crystalline (LC)

conductivities (Figure 1b). In these polymers, the depression
of the glass transition temperaturég)(of the oligo(ethylene
oxide)s or the suppression of the crystallization of the molecules
was intended for solid-state materiéts3? Although this design
led to the enhancement of the motion of ethylene oxide chains,

smectic phases on the substrates. Such nanostructures were fixettheir ionic conductivities were also limited below£05 cnrt

by in-situ photopolymerization of a block liquid crystalline
monomer having a tetra(ethylene oxide) (TEO) moiety, which
results in the fabrication of self-standing 2-D nanostructured
films (Figure l1af® However, the ionic conductivities still
remained at values of less than"2® cnt! at room temper-

at room temperaturé.

We here demonstrate the new design of an anisotropic
polymeric ion-conductive film exhibiting high ionic conductivi-
ties of a value of 10° S cn1! at room temperature. This film
has formed a layered nano-segregated structure consisting of

ature. We predicted that the ionic conductivity should increase alternating a highly mobile ion-conductive part and a rigid

for polymeric self-standing films if a faster molecular motion
of the ion-conductive parts is achieved. For non-LC poly-

mesogenic part.

(ethylene oxide)-based (PEO-based) ion-conductors, severafResults and Discussion

approaches to improving the motion of ion-conductive moieties
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The design strategy for anisotropic higher ion-conductive
polymeric films in the present study is shown in Figure 1. The
key for such organization presented in Figure 1c is to use the
molecular structure oP1 shown in Figure 2P1 consists of
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aromatic core, and a TEO part (Figure 2). In particular, the TEO
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Figure 3. Preparation of macroscopically oriented and nano-segregated ion-conductive polymeric films. (a) Molecular stridiuiteG$O,CF; (left),
homeotropically orientet1/LiIOSO,CF; in the smectic A phase (61C) on the substrate (center), and oriented nano-segregated strudRireiefSO,CF;

with a highly mobile TEO moiety (right); (b) molecular structureNd2/LiOSO,CF; (left), orientedM2/LIOSO,CF; in the smectic A phase (8C) (center),

and nano-segregated structureR#LIOSO,CF; where the motion of the TEO moiety is restricted by the rigid insulating layer and polymer backbones
(right).

Scheme 1. Synthesis of Mesogenic Cores
i) n-BuLi
FF

R F TBSCI R F ii) B(OMe), HO
imidazole iii) H* . 4@7
@w — o > @oms — Ho'B OTBS
R-(CH,)s~Cl, TBAI, K,CO4
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DMF
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HO,
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HG , Na,CO;, Pd(PPhy),
- reomro- o
DME

R =H or OH

chain is introduced on to the extremity of the rigid aromatic ~ Synthesis.Synthetic routes of liquid crystalline monomers
core to achieve high segmental motion of the chains. The are shown in Schemes—B. CompoundsM1 and M2 were
nanolayered structure shown in Figure laf&and the side- prepared by etherification of terphenyl mesogenic compotinds
chain polymer of lowTy shown in Figure 1b have been (Scheme 1) and tetra(ethylene oxide) derivatives, followed by
combined for the design &1 to achieve the formation of ion-  esterification with methacryloyl chloride under light-resistant
conductive paths consisting of highly mobile liquidlike orga- condition (Schemes 2 and 3). The terphenyl mesogenic cores
nized layers (Figure 1c).

The target nanostructure of the film shown in Figure 1c was (38) (a) Gray, G. W.; Hird, M.; Lacey, D.; Toyne, K. J. Chem Soc, Perkin

; in_aj ; H H Trans 2 1989 2041-2053. (b) Dong, C. C.; Hird, M.; Goodby, J. W.;
fixed by th_e In-Situ photopolymerlzatlon of a homeOtrOpIC Styring, P.; Toyne, K. Jerroelectrics1996 180, 245-257. (c) Mehl, G.
monodomain formed by an LC monomévil) (Figure 3a). H.; Kouwer, P. H. JAngew Chem, Int. Ed. 2003 42, 6015-6018.
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Scheme 2. Synthesis of Liquid Crystalline Monomer M1
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Scheme 3. Synthesis of Liquid Crystalline Monomer M2
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Table 1. Phase Transition Temperatures of M1 and M2, and the center). This oriented liquid crystal in the smectic A phase at
Lithium Salt Complexes of M1, M2, and P1-P3 60 °C was photopolymerized with UV irradiation (around 365
compound T Toasi Tsow-snc  Tsow-sm  Tsnc-sma  Toma-io nm, 30 mW cm? for 20 min) in the presence of a photoinitiator,
M1a -79 26 72 78 2,2-dimethoxy-2-phenylacetophenone (0.5 wt %) (Figure 3a,
m%;luosozcaavc :Z& 53 Z$ 22 1gg right). A transparent filmR1/LiOSO,CFs) was obtained by this
M2/LIOSO,CF2¢ —65 49 67 75 112 polymerization of the lithium salt complexes bfl. A cross-
PULIOSO.CFPe  —45 161 202 shaped pattern was also observed for the conoscopic image of
P2LIOSO,CR"e 46 94 101 210 the polymer complex, which indicates the preservation of

i b,c —
PaLIOSOCR a4 macroscopic orientation after the polymerization (Figure 3a,

aPhase transition temperatures detected on the first cooling of DSC right). The?H NMR spectrum for the polymer complex revealed
thermogram® Phase transition temperatures detected on the second heatingthat over 98% of the monomer were consumed through the
of DSC thermograme Lithium salt concentration: [Li]/[CH.CH,0] = - . : . -
0.05.9Glass transition temperatures of the TEO moieties; abbreviations '€2ction. For comparison, the oriented film B2 having the
are as follows: SmC: smectic C phase, SmA: smectic A phase, Iso: Same aromatic core & was also obtained by the same method
isotropic phase. of alignment and polymerization for the lithium complex\d2

. i ) . (Figure 3b, and see Supporting Information). The filmR#

were obtained by a palladium-catalyzed cross coupling reaction LIOSO,CF; was prepared by casting the complex of lithium

frolrl? 4-bromq—(j4alkoxybip(;1enyl ﬁlerivativeshand dh;lluorolphe- salt and the sample obtained by a solution polymerization in
nylboronic acia compounds (,SC eme 1). The .met acryl group tetrahydrofuran (THF) using 2;azobis(isobutyronitrile) as a
was introduced on the extremity of the alkyl chain for compound radical initiator

M1, while compoundM2 has the polymerizable group on the . -
i pou polymerz group The phase behavior of the lithium salt complexe$&f-3

extremity of the TEO moiety. . . )
Formation of Macroscopically Oriented Polymer Com- is given in Table 1. The complex 671 and LIOSQCFs (0.05

plexes. M1complexed with lithium triflate (LIOS@CFs: 0.05 mol % to the ethyler\e o>§ide unit) shqws the LC smectic A phase
mol % to the ethylene oxide unit) showed smectic A<{5a up to 202 °C, which is 122°C higher than that of the
°C) and C phases (54.7 °C) on cooling, whileM1 alone corresponding monomer complex. However, a_t room temper-
exhibited a smectic A phase in a narrow temperature range &ture, the polymer complex does not show any liquid crystalline
(Table 1). The lithium salt complexes bfL aligned spontane- phases and exhibits a solid phase below AB1For the complex
ously on the glass or ITO substrates (Figure 3a, center). ThisPased orP2, the solid phase is observed below 9.
monodomain of the oriented molecules was achieved by cooling The field emission scanning electron micrograph (FE-SEM)
from the isotropic to the smectic A phase. The uniform images of the cross-section for the film &f/LIOSO.CF;
orientation was confirmed by the orthoscopic and conoscopic formed on the glass substrates show the formation of layered
images taken with a polarized optical microscope (Figure 3a, nanostructures (Figure 4). The average distance of the lines is

J. AM. CHEM. SOC. = VOL. 127, NO. 44, 2005 15621
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Chart 1
CsHy4
I,
: F
5.0 ym s 1.0 pm Oj
Figure 4. FE-SEM images of a macroscopically orienetiLiOSO,CF; (o)
film. (a) Cross-section of the edge of the polymer complex film formed on :|
the glass substrates. (b) Magnified view of the image in (a). The line textures o
aligned parallel to the substrates. :l
Temperature (°C) Oj
. 250200 150 100 50 Ose-0
10 [ — T T +cH,-C
< o0 CHs
:.E: 102 | ............. P4
gl = oax L]
g 104 } %‘% OOOQ)CO the ions can be transported faster in the well-oriented layer
2 L ' VPO © structures of the smectic A and ordered solid phases than in
% 106 F AAAA%%OOO Ahay the isotropic liquids. It should be noted that the ionic conduc-
3 L A 0000 tivities of PU/LIOSO,CF; are much higher than those of PEO-
S 108 | N based LC or non-LC polymers (18-10~4 S cnt1).16.17.22:37,39-42
g i ﬁAA To understand such high conductivities, the ionic conductivi-
'g 1079 o or PILIOSO.CF AAA ties of the lithium salt complexes d®2 and P3 were also
= | a: o PAILIOSOL0F, measured (Figure 5). _
1012 || ©: ou. P2ILIOSO,CFs The ionic conductivities perpendicular to the layer) for
| | &0 0., P2ILIOSO,CF3 the P1/LIOSO,CF; complex are higher than those of the ionic
14 o 9. P,sﬂ"osozc,”:3 , conductivities parallel to the layewi) for the P2LIOSO,CF;
10 1.8 2.2 26 3.0 3.4 complex. The relatively higher value_sanﬁ for_th_ePl complex
1000/T (K1) may be due to faster movement of ions within the layers.

_ - ductiviies of 1h | | . The ionic conductivities parallel to the layer) of the P2/
Figure 5. Anisotropic ionic conductivities of the polymer complexes o ;
P1/ LIOSO,CF; andP2/LIOSO,CF; and ionic conductivities of the complex LIOSO.LCRs complex are lower tha.m those of the co_mplex of
of P3 the analogous LC polymeP4 having a cyclohexylbiphenyl

mesogen previously reported (Chart?1)For example, they

estimated to be 1850 nm. The layer spacing of the film  value of P2LIOSO,CF; was 1.7x 1077 S cnt? observed at
measured using small-angle X-ray scattering of the polymer is 65 °C, which is one order lower than that B#/LIOSO,CF;
6.3 nm (see Supporting Information), suggesting that one line observed at the same temperature (8.00°6 S cn?). The

consists of several layers. These results show that the layerederphenyl mesogenic cores B2 may be packed more tightly
LC nanostructures of the monomeric complex were successfully with stronger intermolecular interactions than those of the

locked in the solid-state polymer film by photopolymerization. cyclohexylbiphenyl cores dP4.

Anisotropic Measurements of lonic Conductivity. The The highest ionic conductivities of the complexRi# at room
anisotropic ionic conductivities of the polymeric complexes were temperature can be ascribed to the formation of nanoscale
measured by the complex impedance method as previouslyliquidlike layers in the solid film. The glass transition of the
reported®2125-29 Figure 5 presents ionic conductivities parallel  TEO moiety of theP/LIOSO,CF; complex is observed at45
(0i) and perpendicularot)) to the layer. The oriented complex  °C (Table 1). This observation shows that the TEO moiety is
of P1and LIOSQCF; shows high ionic conductivities in-plane  highly mobile even at around room temperature. Thef the
direction of the smectic layers at room temperature. dhalue complex of P2 is seen at 46°C, which is above room
at 35°Cis 1.3x 10 S cnl. At the same temperature, the temperature. This shows that the segmental motion of the TEO

opvalue is 1.8x 10°¢ S cnt?, and the anisotropy in the ionic  chain of theP2 complex is limited at room temperature.
conductivities ¢/op) is about 7.5x 1% The highest value

i i 2 1 i (39) Kosonen, H.; Valkama, S.; Hartikainen, J.; Eéirilea, H.; Torkkeli, M.;
of PMTIOSOZCF? Is 1.4 % 10‘.Scnr Obser.ved at 15004m Jokela, K.; Serimaa, R.; Sundholm, F.; ten Brinke, G.; lkkala, O.
the oriented solid phase, while tlg value is 1.1x 1074 S Macromolecule2002 35, 10149-10154.

cm % The g values start to fall above this temperature, and (40) lmrie, C. T.; Ingram, M. D.; McHattie, G. icv. Mater. 1999 11, 832~
the anisotropy in the ionic conductivities disappears in the (41) Dias, F. B.; Batty, S. V.; Ungar, G.; Voss, J. P.: Wright, P.JVChem
isotropic phase. The; values do not show sudden changes at Sac, Faraday Trans 1996 92, 2599-2606.

X ; . (42) Brunsveld, L.; Vekemans, J. A. J. M.; Janssen, H. M.; Meijer, EMA/.
the solid-smectic A phase transition. These results suggest that ~ Cryst Lig. Cryst 1999 331, 449-456.
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The complex of non-LC polymeP@) exhibits the same level  temperature controller (heating rate: 2@ min™?). Detection limits
of the glass transition temperature as the compleRlofTable of resistance for the impedance analyzer were-10° Q. The ionic
1). However, the conductivities fdP3/LiOSO,CF; are lower conductivity was calculated to be the product of 1/resista@ceé)(times
than theo; values measured for thel complex (Figure 5). cell constant (cmt). For anisotropic ionic conductivity measurements,

i . P . two types of cells with comb-shaped gold (cell constant: 100%m
This difference suggests that, in the self-organized conductin .
paths, ions can gg transported more sm%othly due to Iesgsand ITO electrodes (cell constant: 0.1¢jnwere used (see Supporting

' | d . . fth fted Information). The ionic conductivities parallehij and perpendicular
entanglement and more cooperative motion of the grafted TEO (op) to the smectic layer direction were measured with gold and ITO

chains from the mesogens (Figure 1c). cells, respectively.
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