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Novel ion-gels bearing lithium borate were synthesized via condensation between cellulose and boric acids in IL. Ion-gels

obtained showed high ionic conductivity comparable to IL itself. First, ion-gels containing 5wt% and 7wt% of cellulose

were prepared in 1-allyl-3-ethylimidazolium chloride. Their ionic conductivities were evaluated by ac-impedance method

after drying ion-gels thoroughly. The ion-gel including 5wt% of cellulose exhibited higher conductivity than that including

7wt% of cellulose. This should be because of lower activating energy under lower composition of cellulose. The effect of

concentration of C6F5B(OH)2 on ionic conductivity was also examined with varying the ratio of B(OH)3 and C6F5B(OH)2. It

was demonstrated that the ion-gel including greater amount of pentafluorophenylborate showed significantly enhanced ionic

conductivity. Preparation of ion-gels including 1-allyl-3-ethylimidazolium formate was also examined at the cellulose

concentration of 7wt%. The ion-gels synthesized in 1-allyl-3-ethylimidazolium formate showed higher ionic conductivity

(1:98� 10�3 Scm�1; 30 �C) than that synthesized in 1-allyl-3-ethylimidazolium chloride. This should be because of lower

viscosity of 1-allyl-3-ethylimidazolium formate.
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After ionic liquids (ILs)1–3 emerged as a new class of

electrolytes showing unusually high ionic conductivity, ILs had

become one of the most frequently employed ion conductive

matrix in an amazingly short period. Expectation toward ILs as

electrolyte for lithium secondary battery or fuel cell had also

rapidly spread worldwide. These days, there is urgent social

demanding for improvement in safety of energy storage

devices. Non flammable ILs are expected to be one of key

materials for the solution of such problem. To explore novel

ILs showing desirable properties such as low viscosity, high

electrochemical stability and selectivity of target cation trans-

port, versatile types of ILs have been developed so far.

Moreover, in view of application for energy storage devices,

polymerized ILs and polymer gel electrolytes including ILs

(ion gels) have also been earnestly studied.4–15 In the present

work, cellulose was employed as a supporting polymer of ion

gels.

In the case of poly(ethylene oxide), it is known that addition

of cellulose leads to improved mechanical properties and

higher ionic conductivity of the resulting matrix.16 Since

chloride type ILs are known as good solvent of cellulose,17–19

preparation of IL based ion gels including cellulose appears to

be a promising approach to obtain dimensionally stable and

highly ion conductive ion gels.

In addition, it is widely known that poly(saccharide)s

possess high reactivity toward boric acids.20–22 As an approach

to improve the selectivity of target cation transport in electro-

lytes or enhance ionic conductivity of matrix, incorporation of

organoboron units such as boric ester, alkylborane, dissociable

lithium borate proved to be valuable approach. In early stage of

these researches, MacBreen et al. reported that ionic con-

ductivity of liquid electrolytes is significantly enhanced when

low molecular weight organoboron compounds such as boric

ester were added to the matrix.23,24 This concept was extended

to solid polymer electrolytes by several research groups.25–29

Incorporation of organoboron unit into polymer electrolyte

resulted in improved lithium transference number of the

matrix. The anion trapping of boron atom worked much

efficiently in IL matrix than was observed in polyether

systems.30 Incorporation of several highly dissociable organo-

borate lithium salt structures into electrolyte matrix was

particularly found to be effective to improve ionic conductiv-

ity.28,29,31–35 For instance, a zwitterionic molten salt32 bearing

lithium pentafluorophenylborate structure showed very high

ionic conductivity as a zwitterionic molten salt.

In the present work, design of organoboron ion gels was

facilely examined by condensation of cellulose with boric acids

in ILs (Scheme 1). For reasons stated above, this method

would provide a convenient and effective approach for dimen-

sionally stable and highly ion conductive ion gels that includes

dissociable lithium borate structure. In this approach, it should

be also noted that lithium borate structure is stable enough to

allow a wide range of industrial applications.
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EXPERIMENT

Materials and Instruments

1-Allyl-3-ethylimidazolium chloride18 and 1-allyl-3-ethyl-

imidazolium formate36 were prepared according to the reported

methods. Microcrystalline powder of cellulose was purchased

from Kishida Co. Ltd. and used without further purification.

Boric acid purchased from Aldrich and pentafluorophenylbo-

ronic acid purchased from Kishida Co. Ltd. were used without

further purification. Lithium hydroxide was purchased from

Kishida Co. Ltd. and used without further purification.

Ionic conductivity was measured with a complex-impedance

gain-phase analyzer (Solartron model 1260; Schlumberger) in

the frequency range from 1Hz to 1MHz. The ion gels were

thoroughly dried under vacuum at 60 �C for 24 h prior to the

measurements. The sample was sandwiched in a custom

designed cell constructed with a pair of stainless steel plates

using a polypropylene spacer.

Preparation of Organoboron Ion-Gels

A typical procedure for the preparation of an organoboron

ion-gel is described as follows. To 2.42 g of 1-allyl-3-ethyl-

imidazolium chloride, 182mg (1.12mmol) of crystalline

powder of cellulose (7wt% of cellulose in IL) was dissolved

by heating the mixture to 90 �C. Then, 30.9mg (0.50mmol) of

boric acid, 53.0mg (0.25mmol) of pentafluorophenylboric

acid, 0.75mL of 1.0M aqueous solution of LiOH were added

to the solution and the resulting mixture was reacted at 90 �C

for 4 h under magnetic stirring. The mixture was gradually

converted to a soft yellowish gel.

RESULTS AND DISCUSSION

Generally, condensation of diol with boric acid proceeds

smoothly under basic aqueous solution.21,22 Hence, condensa-

tion of cellulose with boric acid in ILs was examined after

addition of aqueous solution of lithium hydroxide. This is also

to introduce lithium cation as counter cation of borate units. As

a chloride type IL, 1-allyl-3-ethylimidazolium chloride was

employed because of relatively low viscosity of allylimidazo-

lium type ILs.

First of all, reaction condition of ion gel formation was

carefully optimized. The best results were obtained when the

mixtures were heated at 90 �C for 4 h. To ionic liquid,

designated amount of cellulose, boric acids [B(OH)3/C6F5-

B(OH)2] and aqueous solution of LiOH were added, and then

the resulting mixture was thermally treated. In the presence of

7wt% of cellulose, ion gels were facilely obtained under a

wide range of reaction conditions (Figure 1), while gelation

was not always observed under some conditions at the cellulose

composition of 5wt%. The composition of all the ion gels

obtained in this study is summarized in Table I.

Ionic conductivity of obtained ion gels was evaluated by ac

impedance method after drying the ion gels thoroughly. The

obtained ion gels showed ionic conductivity of 10�3–10�4

Scm�1, which is comparable to that of ionic liquids themselves

(1-allyl-3-ethylimidazolium chloride; 5:88� 10�4 Scm�1 at

303K, 1-allyl-3-ethylimidazolium formate; 1:74� 10�3

Scm�1 at 303K). This demonstrates that continuous ion

conductive path was formed in the ion gel matrix.

First, the dependence of ionic conductivity was studied as

a function of cellulose composition (Figure 2(i)). The VFT

(Vogel-Fulcher-Tamman) plots37–39 were also fitted for the

ion gels to obtain further information on ionic conduction

(Figure 3).

�ðTÞ ¼
Affiffiffiffi
T

p exp
�B
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� �

In the VFT equation shown above, parameters A and B

correspond to carrier ion number in matrix and activation

energy for ion transport, respectively. To is ideal glass

transition temperature of matrix which was optimized to give

linear VFT plot.
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Scheme 1. Synthesis of organoboron ion gel.

Figure 1. A photograph of ion gel including 7wt% of cellulose.
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The ionic conductivity of ion gel containing 5wt% of

cellulose (sample A) was significantly higher (3:63� 10�3

Scm�1 at 303K) than that containing 7wt% of cellulose

(sample B; 9:61� 10�4 Scm�1 at 303K). This should be due

to lower activation energy of the former matrix as shown by the

smaller value of VFT parameter37–39 (Table II) corresponding

to activation energy (B) for ion transport. The difference of

activation energy can be explained by considering the higher

viscosity of polymer solution under higher polymer concen-

tration as expressed in well-known Houwink-Mark-Sakurada

equation (�/c = KM�; where � = viscosity, c = polymer

concentration, M = average molecular weight, K and � are

parameters.).

Ionic conductivity of ion gels composed of different content

of B(OH)3/C6F5B(OH)2 was evaluated (Figure 2(ii)). When

C6F5B(OH)2 content was greater (B(OH)3:C6F5B(OH)2 =

1:2) (sample D), ionic conductivity was enhanced (9:25�
10�4 Scm�1 at 303K) compared with the case where

B(OH)3:C6F5B(OH)2 = 2:1 (sample C; 5:68� 10�4 Scm�1 at

303K) because of high dissociation degree of lithium penta-

fluorophenylborate unit.

The VFT parameters (Table II) for samples C and D

indicate that activation energy of matrix (parameter B) is not

largely different between these systems, while sample D

showed significantly larger carrier ion number (parameter A).

This suggests that the improved ionic conductivity of sample D

Table I. Composition of ion gels obtained in the present study

Sample Amount of Cellulose in IL IL B(OH)3:glucose unit B(OH)3:C6F5B(OH)2:LiOH

A 5wt% [AEIm][Cl] 1:4 1:2:3

B 7wt% [AEIm][Cl] 1:4 1:2:3

C 7wt% [AEIm][Cl] 9:20 2:1:3

D 7wt% [AEIm][Cl] 9:20 1:2:3

E 7wt% [AEIm][HCOO] 11:50 1:0:1

F 7wt% [AEIm][Cl] 11:50 1:0:1

G 7wt% [AEIm][HCOO] 9:20 2:1:3

H 7wt% [AEIm][HCOO] 9:40 1:2:3

(i)

(ii)

(iii)

(iv)

Figure 2. Temperature dependence of ionic conductivity for ion gels.
(i) Samples A and B contain 5wt% and 7wt% of cellulose in [AEIm][Cl], respectively. (B(OH)3:glucose unit = 1:4, B(OH)3:C6F5B(OH)2:LiOH = 1:2:3).
(ii) All the samples contain 7wt% of cellulose in [AEIm][Cl].
Sample C; B(OH)3:glucose unit = 9:20, B(OH)3:C6F5B(OH)2:LiOH = 2:1:3.
Sample D; B(OH)3:glucose unit = 9:20, B(OH)3:C6F5B(OH)2:LiOH = 1:2:3.
(iii) Sample E contains 7wt% of cellulose in [AEIm][HCOO] (B(OH)3:glucose unit = 11:50, B(OH)3:LiOH = 1:1).
Sample F contains 7wt% of cellulose in [AEIm][Cl] (B(OH)3:glucose unit = 11:50, B(OH)3:LiOH = 1:1).
(iv) Sample G contains 7wt% of cellulose in [AEIm][HCOO] (B(OH)3:glucose unit = 9:20, B(OH)3:C6F5B(OH)2:LiOH = 2:1:3).
Sample H contains 7wt% of cellulose in [AEIm][HCOO] (B(OH)3:glucose unit = 9:40, B(OH)3:C6F5B(OH)2:LiOH = 1:2:3).
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is attributed to high dissociation degree of lithium pentafluo-

rophenylborate. Among the ion gels composed of 7wt% of

cellulose in [AEIm][Cl], the best result was observed for

sample B (9:61� 10�4 Scm�1 at 303K) where B(OH)3:C6F5-

B(OH)2 = 1:2 and B(OH)3/glucose unit ratio (0.25) was also

much lower than that of sample D (0.45).

In order to further improve the ionic conductivity of ion

gels, preparation of an ion gel using less viscous formate type

ionic liquid (1-allyl-3-ethylimidazolium formate)36 was also

examined. The formate type ionic liquids are capable of

dissolving cellulose under mild conditions. Similarly to the

case of chloride type ionic liquids, condensation of cellulose

with boric acids facilely took place under cellulose composi-

tion of 7wt% to give the corresponding ion gels at 90 �C. The

Arrhenius plot of the ion gel is represented in Figure 2(iii). The

obtained ion gel showed significantly higher ionic conductivity

(sample E; 1:03� 10�3 Scm�1 at 303K) in comparison with

that prepared using chloride type ionic liquid (sample F;

5:35� 10�4 Scm�1 at 303K). This should be due to lower

viscosity of formate type ionic liquid than that of chloride type

ionic liquids. From the VFT parameters (Table II), carrier ion

number (parameter A) for sample E was lower than that of

sample F, however, activation energy of ion transport (param-

eter B) was also smaller for sample E, which led to higher

ionic conductivity of the formate type ion gel. 1-Allyl-3-

ethylimidazolium formate based ion gels including penta-

fluorophenylborate (Sample G and Sample H) were also

prepared and their ion conductive properties were evaluated

(Figure 2(iv), Figure 3(iv)). Sample H in which B(OH)3:

C6F5B(OH)2 = 1:2 showed the highest ionic conductivity of

1:98� 10�3 Scm�1 at 303K among the ion gels including

7wt% of cellulose.

In conclusion, organoboron ion gels were conveniently

prepared by the reaction between cellulose and boric acids in

ILs. Stable ion gels were obtained under a wide range of

composition of starting materials. These ion gels exhibited

high ionic conductivity of 3:63� 10�3–5:35� 10�4 Scm�1 at

303K. Because of excellent solubility of poly(saccharide)s in

Figure 3. VFT plots for ion gels.
(i) Samples A and B contain 5wt% and 7wt% of cellulose in [AEIm][Cl], respectively. (B(OH)3:glucose unit = 1:4, B(OH)3:C6F5B(OH)2:LiOH = 1:2:3).
(ii) All the samples contain 7wt% of cellulose in [AEIm][Cl].
Sample C; B(OH)3:glucose unit = 9:20, B(OH)3:C6F5B(OH)2:LiOH = 2:1:3.
Sample D; B(OH)3:glucose unit = 9:20, B(OH)3:C6F5B(OH)2:LiOH = 1:2:3.
(iii) Sample E contains 7wt% of cellulose in [AEIm][HCOO] (B(OH)3:glucose unit = 11:50, B(OH)3:LiOH = 1:1).
Sample F contains 7wt% of cellulose in [AEIm][Cl] (B(OH)3:glucose unit = 11:50, B(OH)3:LiOH = 1:1).
(iv) Sample G contains 7wt% of cellulose in [AEIm][HCOO] (B(OH)3:glucose unit = 9:20, B(OH)3:C6F5B(OH)2:LiOH = 2:1:3).
Sample H contains 7wt% of cellulose in [AEIm][HCOO] (B(OH)3:glucose unit = 9:40, B(OH)3:C6F5B(OH)2:LiOH = 1:2:3).

Table II. VFT Parameters for Organoboron Ion gels

Samples To (K) A (Scm�1 K1=2) B (K) RMS

A 183 44.45 791 1.0000

B 183 63.22 985 0.9999

C 183 70.73 1065 0.9999

D 183 100.0 1048 0.9999

E 183 28.09 883 0.9998

F 183 90.22 1102 0.9999

G 155 49.93 1556 0.9998

H 155 64.24 1117 0.9996
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chloride type ILs and established reactivity of poly(saccha-

ride)s with boric acids, use of poly(saccharide)s was quite

beneficial in convenient design of ion gels including highly

dissociable lithium borate structure.
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