
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 24 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

Single Ion Conduction in Lithium Methoxy Oligo(Oxyethylene) Sulfate-
Comblike Polyether Complex
Yungui Zhenga; Guoxiang Wana

a Chengdu Institute of Organic Chemistry Academia Sinica, Chengdu, People's Republic of China

To cite this Article Zheng, Yungui and Wan, Guoxiang(1993) 'Single Ion Conduction in Lithium Methoxy
Oligo(Oxyethylene) Sulfate-Comblike Polyether Complex', Journal of Macromolecular Science, Part A, 30: 5, 365 — 372
To link to this Article: DOI: 10.1080/10601329308009413
URL: http://dx.doi.org/10.1080/10601329308009413

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1080/10601329308009413
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J.M.S.-PURE APPL. CHEM., A30(5), pp. 365-372 (1993) 

SINGLE ION CONDUCTION IN LITHIUM METHOXY 

POLYETHER COMPLEX 
OLIGO(0XYETHYLENE) SULFATE-COMBLIKE 

YUNGUI ZHENG and GUOXIANG WAN* 

Chengdu Institute of Organic Chemistry 
Academia Sinica 
Chengdu 610041, People’s Republic of China 

ABSTRACT 

Two kinds of lithium methoxy oligo(oxyethy1ene) sulfate (LiSAEO, 
and LiSAEO12) were synthesized, and their complexes were prepared 
with poly[methoxy oligo(oxyethy1ene) methacrylate-co-acrylamide] 
[P(MEO,,-AM)] . Both the crystallinity and the glass transition tempera- 
ture of the complexes decrease with increasing salt concentration. 
P(MEO,,-AM)/LiSAEO, and P(MEO1,-AM)/LiSAEO1, exhibit single 
ion conduction characteristics, and their ionic conductivities at 25 OC are 
1.4 x and 7.7 x lop6 S/cm, respectively. 

INTRODUCTION 

Polymeric solid electrolytes, which possess such merits as high compliance, a 
strong ability for film-forming, excellent processibility, and light weight, are ideal 
electrolyte materials for all-solid lithium batteries. Up to now, most of the reported 
conductors have been of the bi-ionic types, whose ambient conductivity reached 5 
x 10-5-10-4 S/cm 11, 21 or S/cm [3] when polar compounds were used as 
plasticizers, but whose cationic transference number was only 0.3-0.5 [4]. The dc 
conductivity decays rapidly due to the reverse migration of anion and cation, which 
hampers its application in devices driven under dc conditions. Polymer ionic con- 
ductors, in which only the cation transfers and whose cationic transference numbers 
are close to unity, were reported by Tsuchida et al. [5, 61. The dc conductivity 
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remains constant when lithium electrodes are employed, so a stable current can be 
supplied under dc polarization conditions. Although the ambient conductivity of a 
solvent-free single ion conductor has been raised to 1.2 x S/cm [7], it is still 
two orders of magnitude lower than that of a bi-ionic conductor. To further im- 
prove the conductivity of a single ion conductor, lithium methoxy oligo(oxyeth- 
ylene) sulfate (LiSAEO,) was synthesized, and a complex ionic conductor was pre- 
pared with comblike polyether. The composition and temperature dependence of 
conductivity as well as the carrier ion number, the dc polarization characteristic, 
and the cationic transference number of the complex, were studied. 

EXPERIMENTAL 

Materials 

Poly[methoxy oligo(oxyethy1ene) methacrylate-co-acrylamide] [P(MEO,,-AM), 
16 oxyethylene units]: Monomer methoxy oligo(oxyethy1ene) methacrylate with 16 
ether oxygen units (MEOI6) and acrylamide (AM) were added to redistilled water at 
a weight ratio of 92 to 8. After the monomers dissolved completely, K&OS (0.5 
wt% of the total vinyl monomers) was added. The solution was stirred at 6OoC for 
24 hours under a nitrogen atmosphere. After much of the solvent was evaporated 
from the solution, the polymer was precipitated with EtOH-Et20 mixed solvent 
and dried under vacuum at 8OoC for 48 hours. The molar composition of the 
copolymer (from elemental analysis) was MEOI6 0.43 and AM 0.57. 

Lithium methoxy oligo(oxyethy1ene) sulfate (LiSAEO,, where n is the average 
number of oxyethylene units): A 15% excess of chlorosulfonic acid was added 
dropwise to a stirred solution of 0.2 mol oligo(oxyethy1ene) monomethyl ether in 
300 mL chloroform cooled in an ice bath, When the addition was completed, the 
reaction mixture was allowed to warm to room temperature, and stirring was contin- 
ued for half an hour. After chilling again to 10°C, 100 mL absolute ethanol was 
added, and the solution was neutralized with saturated lithium hydroxide. After the 
solvent and water were evaporated, the residue was redissolved in hot acetone, and 
insoluble inorganic salt was filtered from the hot solution. Toluene was used to 
extract the unreacted ether alcohol. The yield was - 90%. 

Analysis. Calculated for LiSAEOI2: S, 4.95%. Found: S, 5.25%. 
Preparation of complex: P(MEO,,-AM) and LiSAEO, were mixed in absolute 

alcohol and held for 2 days. After evaporation of the solvent, the complex was 
dried under vacuum at 80°C for 48 hours. 

Measurements 

The thermal behavior was investigated with the Perkin-Elmer DSC-7 system 
in the temperature range of - 100 to + 100°C with a scanning speed of 10°C/min 
under a nitrogen atmosphere. The glass transition temperature (T,> was taken as the 
extrapolated onset of baseline shift, and the crystallinity (X,) was derived from the 
melting enthalpy of 100% crystalline polyether [8]. 

The ac conductivity measurement was carried out at 1100 Hz with conducto- 
meter DDS-IIA and a temperature-controlled apparatus. The dc conductivity mea- 
surement, in which lithium electrodes were utilized, was made by applying a con- 
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stant voltage (3.0 V) over the cell and recording the current with a millivolt-ammeter 
(Model WDZ-1, made by Sanming Radio Works). 

A polarization reversing method [9] was employed to measure the ion transfer- 
ence number of the sample. All the procedures dealing with LiSAEO, were carried 
out under dry conditions. 

RESULTS AND DISCUSSION 

Relationship between Ionic Conductivity 
and Composition of the Complex 

Figure 1 shows the composition dependence of the ionic conductivity of 
P(ME0,,-AM)/LiSAE08 and P(ME0,,-AM)/LiSAEOI2. It can be seen from the 
formula a = p n q  that conductivity (a) is determined by ionic mobility ( p )  and 
carrier number (n) since charge (q) is constant for a given system. As seen in Fig. 1, 
both complexes achieve maximum conductivity at a certain O/Li value, and the 
reason is the particular correlation of ionic mobility and carrier number with salt 
concentration in the complexes. With an increase of salt concentration in the high 
O/Li region, the rapid drop of glass transition temperature (Tg, as shown in Fig. 3), 
in addition to the increase of carrier number, is favorable for ion transfer, and as a 
result, ion mobility increases. Consequently, conductivity increases with increasing 
salt content. However, conductivity decreases with increasing salt concentration in 
the low O/Li region because the excessive salt will mainly exist as ion pairs or ion 
clusters which not only have a much lower mobility but can hinder segmental 
motion by chelating the ether oxygen atoms in an oligo(oxyethy1ene) chain, while 
the drop of T, is very small. P(MEO,,-AM)/LiSAEO,, whose conductivity reaches 
a maximum when O/Li is 27, has an ambient conductivity of 1.4 x S/cm. 
The maximum conductivity of P(ME0,,-AM)/LiSAE0,2 appears at O/Li = 37, 
which is 7.7 x low6 S/cm at room temperature. The following discussions are 
based on maximum conductivity compositions. 

0 20 40 60 80 
O / L i  

FIG. 1. Composition dependence of cationic conductivity for complex P(MEO,,- 
AM)/LiSAEO, at 2 5 O C :  (0) n = 8, (A) n = 12. 
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FIG. 2. Arrhenius plots of cationic conductivity for complex P(MEO,,-AM)/LiSAEO,: 
(0) n = 8, (A) n = 12. 

Figure 2 shows that the temperature dependence of conductivity in P(MEO,,- 
AM)/LiSAE08 and P(MEO,,-AM)/LiSAEO,, does not follow the Arrhenius equa- 
tion. This means that ions transfer through the movement of polymer segments in 
the noncrystalline region of the electrolyte [lo]. Therefore, the glass transition 
temperature ( T,), which reflects the mobility of segments, has a considerable effect 
on the ionic conductivity. Segments move easier in the lower T, system, so an 
electrolyte with lot T, is required for high conductivity. In general, a higher T, is 
observed for a higher salt concentration because of complexation between ether 
oxygen and lithium ion [ l l ] .  Figure 3, however, shows that the T, of P(MEO,,- 
AM)/LiSAE08 decreases with a salt content increase, especially in the low salt 
concentration region. This is ascribed to the difference of LiSAEOs from inorganic 
and polymer salts. In addition to being a charge carrier supplier, LiSAEO, also acts 

-60 - 
E, 
v 

brn 

-70 

0 10 20 30 40 50 
LiSAEO,wt% in complex 

FIG. 3. Effect of LiSAEO, content on crystallinity (X,) and T, of complex P(MEO,,- 
AM)/LiSAE08. 
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as a plasticizer of the comblike polyether because of its noncrystalline and low T, 
(-68.6OC) characteristics, thus makes the T, of the complex descend. 

Another important factor affecting ionic conductivity is the crystallinity (Xc). 
Since segment motion mainly occurs in the noncrystal region, ions transport easier 
in the lower crystallinity polymer media. Figure 3 also shows that X, of pure 
P(MEO,,-AM) is about 21 070. The complexation of P(MEO,,-AM) and LiSAEO, 
decreases the crystallinity as well as the T, compared with the copolyether, which 
gives the complex a high conductivity. When the conductivity reaches its maximum, 
T, drops from - 52 to - 65 OC and crystallinity almost disappears. 

Carrier Ion Number in the Complex 

Ionic mobility in polymer P(MEO,,-AM) media remains the same at constant 
T - Tg since polymer segmental motion is primarily controlled by the temperature 
interval above Tg. In a state of equal ionic mobility, the difference in conductivity 
should reflect the difference in the contribution from the carrier number. Figure 4 
shows that the conductivity of P(MEO,,-AM)/LiSAEO, is slightly higher than that 
of P(MEO,,-AM)/LiSAEOI2 at the same temperature interval ( T -  T,). This is be- 
cause the former contains more carrier ions than the latter since it has a smaller 
O/Li at their maximum conductivity compositions. 

From the conductivities at equal ionic mobilities lg ( nT/nT,) at various temper- 
atures can be calculated with the following formula [12]: 

where nT and nT8 are the carrier ion numbers at temperature T and glass transition 
temperature T,, respectively; Cl(D) and CZ(,,) are WLF parameters that describe the 
temperature dependence of ion diffusion coefficient D; and Cl(a) and Cz(u) are WLF 
parameters for the temperature dependence of ionic conductivity. The relationship 
between lg ( nT/nT,) and the reciprocal temperature is shown in Fig. 5 .  In both cases 
the carrier number decreases with increasing temperature in an Arrhenius-type of 

80 90 100 110 120 130 
T-T,(K) 

FIG. 4. Relation between reduced temperature (T  - T,) and conductivity of complex 
P(MEO,,-AM)/LiSAEO,: (0) n = 8, (A) n = 12. 
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3.0 3.2 3.4 
1000 / T (K-’) 

FIG. 5 .  Temperature dependence of carrier number in complex P(MEO,,-AM)/ 
LiSAEO,: ( 0 ) n  = 8, ( A ) n  = 12. 

equation: n = n,.exp (A /RT) ,  where A ,  an apparent energy factor, is 230 and 170 
meV for P(MEO16-AM)/LiSAEOs and P(MEO,,-AM)/LiSAEO,,, respectively. This 
means that the rate of carrier number decrease in the former is more drastic than in 
the latter, so it can be predicted that their temperature dependences of conductivity 
will intersect at a certain temperature. This temperature dependence of the carrier 
number could be explained by ion-pair formation. When the temperature is increas- 
ing, ions move much easier, and the chance of ion-pair formation increases. There- 
fore, the carrier number decreases with increasing temperature since ion-pair forma- 
tion greatly reduces the “free” ion concentration. This fact implies that the 
temperature dependence of conductivity should be weaker than that of ionic mo- 
bility. 

dc Polarization Characteristic of the Complex 

Figure 6 shows the time dependence of dc conductivity for complexes 
P(MEOl6-AM)/LiSAEOs, P(ME0,,-AM)/LiSAE0,2, and P(MEO,,-AM)/LiClO,. 
In complex P(MEO,,-AM)/LiClO,, LiClO, dissociates into Li’ and ClO;, both of 
which can migrate in the polymer. When dc voltage is applied to the complex, Li+ 
migrates toward the cathode while ClO; migrates toward the anode and concentrates 
at the electrode. The collection of ClO; at the anode not only impedes the transfer- 
ence of Li’, but also forms an oppositely polarized potential across the electrolyte, 
so its dc conductivity decays rapidly. Under dc 3-V polarization, the dc conductivity 
drops about one order of magnitude within 4 minutes; after 2 hours the dc conduc- 
tivity decreases by two orders of magnitude. The dc conductivities of P(MEOI,- 
AM)/LiSAEO, and P(MEO,,-AM)/LiSAEO,,, however, only drop by half an order 
of magnitude within 2 hours under the same condition. This suggests there is a 
difference in the intrapolarization of electrolyte materials. The oligo(oxyethy1ene) 
sulfate anion in P(MEO,,-AM)/LiSAEO, is very difficult to transfer due to its 
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-7 I= 
0 30 60 90 1 

Time (min.) 

FIG. 6 .  Time dependence of dc ionic conductivity of polymeric solid electrolyte at 
3 O O C :  (0) P(MEO,,-AM)/LiSAEO,, (A) P(MEOI6-AM)/LiSAEOl2, ( 0 )  P(MEO,,-AM)/ 
LiCIO,. 

bulky volume, while Li" can migrate quickly in the media. When lithium electrodes 
are employed, Li' migrates toward the cathode and is reduced to lithium at the 
electrode; meanwhile, lithium at the anode is oxidized in order to maintain the 
supply of lithium ion in the electrolyte around the anode. Therefore, the complex 
keeps a constant carrier (Li') concentration during dc polarization. The dc conduc- 
tivity decay is mainly aroused by the orientation of dipoles. 

Lithium Ion Mobility and Cationic Transference Number 
of the Complex 

After the bias polarization is reversed, two current peaks of the complex 
appear at times T+ and 7- .  By the use of the equations p = d2/(V7) and ti = p;/ 
Cp;, where d is the sample thickness (cm) and V is the polarization voltage (V), the 
ionic mobility p and cationic transference number t ,  of the complex were calculated 
as follows. P(ME0,,-AM)/LiSAE08: 

p +  = 2.67 x cm*-V-'-S-' 

p- = 2.05 x cm2.V-'*S-', t ,  = 0.93 

P(MEOI6-AM)/LiSAEO,,: 

p+ = 2.22 x 1 0 - ~  cm2.V-'.S-' 

p -  = 3.81 x cm2.V-'*S-', t ,  = 0.98 

The cationic transference numbers of both complexes are close to unity, which 
means that they behave with the characteristics of single ion conduction. 
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CONCLUSION 

ZHENG AND WAN 

Polymeric solid electrolytes with single ion conduction characteristics were 
prepared by the complexation of poly[methoxy oligo(oxyethy1ene) methacrylate-co- 
acrylamide] and lithium methoxy oligo(oxyethy1ene) sulfates. Both the crystallinity 
and the glass transition temperature of the complexes decrease with an increase of 
salt concentration, and the carrier number decreases exponentially with increasing 
temperature. The ac ionic conductivities of 1.4 x lo-’ and 7.7 x lop6 S/cm at 
25 OC were separately obtained for the complexes. 
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