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A hydrodynamic model for solid polymer electrolythich consists of negatively charged solid
polymer chains immersed in a cation liquid is pnésd. From the model, an analytical expression
for the AC ionic conductivity is obtained. The mogdermits us to understand how the relaxation
time and the mass of the polymer chain affect gtealior of the ionic conductivity in the infrared
region.

§1. Introduction

lon conducting polymers are receiving much intedkst to their technological
applications in a wide variety of devices such atduies, fuel cells, supercapacitors,
sensors, ett:? Many works have been done to enhance the ionidwmiivity and the
mechanical stability of solid polymer electrolytés® Polymer electrolytes have been
also the subject of many fundamental stuffie§) However, our understanding on the
fundamental physical properties of polymer elegtesd is not sufficient.

Basically, a polymer electrolyte consists of a pody matrix doped with a salt.
Numerous experimental studies indicate that thesighYy properties of polymer
electrolytes are controlled by both, the host payand the dopant salts. This material
characteristic leads us to consider the solid pelyatectrolytes as a system consisting
of a solid polymer chain charged negatively whieimmersed in a cation liquid. Such
kind of model has been proposed previously and tsatkscribe typical superionic
conductors such as silver halides and silver clgaicies® - 2V However, no
application to polymers has been done. The purpbdee present study is to show that
such model could be a good model to study the phigroperties of polymer
electrolytes. In the present report, as a firgt,dtee ac conductivity is considered.

82. Theviscoelastic model for solid polymer electrolytes

As mentioned above, solid polymer electrolytesloawiewed as a system formed
by a polymer matrix and doped salts. In our mothed,matrix is considered to consist
of solid polymer chains. The salt doped in the pwy is dissociated, and in our model,
the negative ions are trapped to the polymericnshan the other hand, the positive
ions are able to move through the interstices ef gblymer. Thus, solid polymer
electrolytes could be considered as a system thaists of solid polymeric chains
charged negatively which is immersed in a catiquid. A schematic representation of
the model for polymer electrolytes used in our gtiscshown in Fig. 1.
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Fig. 1. A schematic representation of the modes@did polymer electrolytes. The anions are trapioe
the solid polymeric chains, whereas the cationsncave through the interstices of the chain.

In order to describe the model of polymer electedymentioned above, we use the
equation of motion for deformable solid bodies the polymeric matrix, and the
Navier-Stokes equation for the cation liquid. Tigaa&ion of motion of the polymeric
matrix which is charged negatively is written as
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where

M (t) =m «f exp(t/1,.),

and

1 1 1
* =E—+—.
m m m

Here &(r,t) is the displacement field of the deformable botgaintr and timet. V
and V; are the longitudinal and transverse sound ve&xiti;, and 7, are the
longitudinal and transverse damping coefficiergspectivelyy is the velocity field of
the cation liquid,e is the elementary charge ahkdgr,t) is the electric field. Herek
represents the total electric field acting gt)( that is,E incorporates the applied
external field and the field created by the iorsspnt in the systervi(t) is the memory
function, where ¢, is the frequency of the oscillator formed by cataord anion pairs,
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7. Is the viscoelastic relaxation tinme* is the reduced mass, where andm, are the
masses of the polymer chain and the cation, reispbct

The cation liquid igegarded as a viscous fluid. Therefore, it is dbedrby the
Navier-Stokes equation.

%v(r,t) +c30n(r,t) —n0%v(r 1) —(Z +%)DD v(r,t)
+i } dt'M(t—t‘){v(r,t‘)—iv(r,t')}—iE(r,t) =0, (2.2)
m, ot m,
where

n(r,t) =[N(r,t) = Ng]/Ng.

Herecy is the sound velocity in the liquig,and ¢ are the kinematic shear and bulk
viscosities, and(r,t) is the number density fluctuation. The numbersitgnand the
velocity field of the liquid are linked through tlentinuity equation

%n(r,t)ﬂ]@(r,t):o. (2.3)

The electric field E(r,t) appearing in Egs. (2.1) and (2.2) obeys the Maxwel
equation

£, 02 417 9 .
O2E(r,t)-00E®r,t) === —E(r,t) +——j(r,t), 2.4
(r,t) (r,t) 2 32 (r,t) CZatJ( ) (2.4)

where ¢,, is the high-frequency dielectric constant anid the velocity of light. The
current density in written in terms of the velodiigids of polymer matrix and cation
liquid as

jrt)= Noe[—%é(r,tﬂv(r,t)}. (2.5)

Thus, to obtain an expression for the current dgnse need the expressions fg(r,t)

and v(r,t) . These are obtained by solving simultaneously Elgs. (2.1) to (2.5).
Following the previous work®) - 29 this has been done by Fourier transforming the
above equations. After lengthy calculation, we obthe following expressions for the
current density and conductivity

i) =0k wEKG), 2.6)
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ok, ) = 5::|m[§$zq , (2.7)

wherek and w are the wave number and the frequency introdunethé Fourier
transformationG(k,w) andF(k,w) are lengthy polynomial functions &fandw. The
explicit expressions foB(k,w) andF(k,w) are given if® and are not repeated here.

83. AC conductivity

The formulation presented above provides a meatesaribe different physical
quantities. In the past, it has been applied talystionic conductivity:®: 29 22
diffusion 2 22: 29sound velocity? 22 2Yrelaxationd” and collective excitatior8 -2
25 in typical inorganic superionic conductors suchAgshalides and chalcogenid®s
19).21. 22 3nd systems having layered structidfeslodified version of the model has
been applied to study liquid systef#s.?® The present study is the first application to
polymers. As a first step, we studied the behawigkC conductivity.

Fig. 2 and Fig. 3 show the characteristics of tl& iénic conductivity which is
described by our model. For the numerical evaluatioe following typical vales of the
parameters were usét.?® e,= 5, Ny = 1.6 x 1022 cm™3, m, = 1.79 x 10~?2g,
we=105cm™, Nk=08cm™, Wk=027cm™, cgk=02cm™t, k%=
0.1V;k, nk? =0.01cm™?, ({+4m7/3k*> = 0.05cm™?, where k = 105 cm™!. The
results obtained show how the relaxation timeand the mass of the polymer chain
m, affect the ionic conductivity. These two quanstere expected to play important
roles in the dynamic processes of polymers.

o (arb. units)
—_ — N
o ($) o

©
w

0.0 |
0.0 0.5 1.0 15 2.0

ol

Fig. 2. Relaxation time dependence of the ioniodewtivity in polymer electrolytes. The magnitude o
the vertical axis has been normalized by an aryitieference value, the peak value for the case of
T.=7cm™ L,
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Fig. 3. Mass ratio dependence of the ionic conditizin polymer electrolytes. Herem, is the mass
of polymer chain andn, is the mass of mobile ion. The normalization faéto the vertical axis is
the same to that of Fig. 1.

o (arb. units)

Fig. 2 shows how the conductivity varies with tligceelastic relation timer.. We
see that the conductivity exhibit a peaked behaiound the oscillation frequenay,.
Furthermore, the peak position of the conductisiiifts to lower values and its intensity
diminishes with the decrease of the viscoelastaxegion time. Such kind of behavior
is expected to occur in the relaxation of displadiype polarization. There are many
studies regarding the DC conductivity in polymeeatiolytes. Regarding AC
conductivity, data up to 10MHz range are abund3rf)” *®However, for frequencies
above 10 KHz, the number of studies is quite lichifé Therefore, we were not able to
find an experimental data to verify our model. Tedavior of the conductivity shown
in Fig. 2 is expected to resemble the temperatepedence of the conductivity in the
infrared region in polymer electrolytes. Triangledadiamond symbols correspond to
high and low temperatures, respectively.

Fig. 3 shows the effect of polymer chain mass endhic conductivity around the
oscillation frequencyw,. We observe that the conductivity decreases Wihricrease
of the mass ratio between polymer chain and mobile Many researchers have
discussed the role of segmental motion in theriansport mechanisi?."*” The result
shown in Fig. 3 is probably related with such motiBlowever, it should be noted that
the frequency region we are focusing here is diffefrom the frequency region where
the segmental motion is expected to occur. A mdéeadynamics study in polymer
electrolytes has shown that the ionic conductidgcreases with the number of
monomers in the chat. Although detailed analysis is required, the reshbwn in
Fig. 3 seems consistent with that result.

The values of the parameters used in the evaluafidilg. 2 and 3 are those for
typical inorganic ionic conductors such as Agl. Wsed such values, because some
numerical values were not available for polymerbug, refinements of numerical
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values appropriate for polymer electrolytes areeseary for a detailed study. However,
we believe that the qualitative results will remtie same. The next step is to extend
our analysis to lower frequency regions, where grpmntal data are available. A
further study is in progress.

84. Conclusion

A model for solid polymer electrolytes has beenspreged by assuming that the
system consists of polymeric chains charged negigitand cation liquid. An analytical
expression for the ionic conductivity was derived using hydrodynamic equations
coupled with Maxwell equation. Based on the obtimxpression, the expected
behavior of the ionic conductivity in the infrarezjion was discussed. In particular, the
role of the relaxation time which resembles theperature dependence and the mass
dependence of the polymer chain in the ionic cotidiyc were shown. Our first step
analysis indicates that the model could be a goodeito understand the behavior of
solid polymer electrolytes.

References

1) K. S. Ngai, S. Ramesh, K. Ramesh and J. C. Juaitsla2 (2016), 1259.

2) A.AryaandA. L. Sharma, loni@3 (2017), 497.

3) S.Bose, T. Kuila, T. X. H. Nguyen, N. H. Kim, K.ttau and J. H. Lee, Prog. Polym. S36.
(2011), 813.

4) R.He and T. Kyu, Macromal9 (2016), 5637.

5) T. Kawazoe, K. Hashimoto, Y. Kitazawa, H. KokubaldA. Watanabe, Electrochim. Ac285
(2017), 287.

6) S.D. Druger, M.A.Ratner and A. Nitzan, Solid Stiateics9-10 (1983), 1115.

7) C. A Angell, C. T. Imrie and M. D. Ingram, Polyintern. 47 (1998), 9.

8) C. M. Roland, P. G. Santangelo and K. L. Ngai,ler@. Phys111 (1999), 5593.

9) D. Huang, D. M. Colucci and G. B. McKenna, J. Chéinys.116 (2002). 3925.

10) A. Saiter, M. Hess, N. A. D'Souza and J. M. Sakelymer43 (2002), 7497.

11)S. J. Pas, R. D. Banhatti and K. Funke, Solid States177 (2006), 3135.

12)J. L.Ndeugueu, M. Ikeda and M. Aniya, Solid Statei¢s181 (2010), 16.

13)C. Cramer, S. De and M. Schonhoff, Phys. Rev. 16#.(2011), 028301.

14) Sahara and M. Aniya, J. Solid State Electrochr{2012), 1883.

15)Y. Wang, F. Fan, A. L. Agapov, T. Saito, J. Yang,¥Xi, K. Hong, J. Mays and A. P. Sokolov,
Polymer55 (2014), 4067.

16) S. Das and A. Ghosh, J. Appl. Ph$47 (2015), 174103.

17)J. Motomatsu, H. Kodama, T. Furukawa and Y. Toménagacromol. Chem. Phy216
(2015), 1660.

18) N. Mizoguchi, H. Hayashi, M. Kobayashi and I. Yo&pd. Phys. Soc. Jps0 (1981), 2043.

19)F. Sukegawa, M. Kobayashi and |. Yokota, Phys.uSt8plidi (b)109 (1982), 717.

20) M. Aniya and M. Kobayashi, Appl. Phys.49 (1989), 641.

21)H. Ogawa and M. Kobayashi, Solid State lorfit§ (1998), 53.

22) M. lkeda and M. Aniya, Solid State lonitg9 (2008), 761.

23)M. Aniya, F. Shimojo and T. Iseki, J. Non-Crystli8e338-340 (2004), 579.

24)M. Aniya and T. Iseki, J. Non-Cryst. Soli@$2-314 (2002), 400.

25)H. Ogawa, M. Kobayashi, T. Iseki and M. Aniya, By®. Soc. Jpriz4 (2005), 2265.

26)J. Chattoraj, M. Knappe and A. Heuer, J. Phys. CBeito (2015), 6786.



	Title
	1. Introduction
	2. The viscoelastic model for  solid polymer electrolytes
	3. AC conductivity
	4. Conclusion
	References

