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Abstract

Poly(ethylene oxide) (PEO) with three different salts, Zn@nBr, and Znh has been characterized at various temperatures and
compositions by optical microscopy and differential scanning calorimetry. A molecular thermodynamic model based on both an extended
Flory—Huggins theory and a Debye-¢kel theory modified by Guggenheim is developed to interpret the liquidus curves in the resulting
phase diagram. The proposed model considers not only short-range specific interactions between the salt ions and the polymer or solvating
base groups (oxygen in PEO) of the polymer leading to loose complex formation but also long-range electrostatic forces between salt ions.
Quantitative description according to the proposed model is in good agreement with experimentally observed transition temperature of a
given system including an eutectic poi.1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction single-phase amorphous complex witX, (M = Fe, Co,
Cu, Zn; X = ClI, Br, I). Fontanella et al. [8] characterized

Polymer electrolyte, i.e. the ionic conductors resulting PEO complexes with Ba(SCh)and Ca(SCN). More
from the complexation of poral polymers with low-lattice- recently, Farrington et al. [4,9,10] extensively studied
energy salts, has been the subject of many studies. MostPEO complexes wittMX, (M = Mg, Ca, Cu, Zn, Ni, Pb;
recent research and development activities have beenX = ClI, Br, I) and applied molecular simulations to PEO/
focused on the identification of solid polymer electrolytes LiBr, PEO/ZnBr,.
(SPE) with sufficiently high ionic conductivity to allow the Phase diagrams appear to be an appropriate descriptive
operation of solid-state Li batteries at ambient temperature approach for a better understanding of the conductivity, sta-
with rates similar to those of their liquid electrolyte-based bility and mechanical properties, and as such have been the
counterpart. SPE has been proposed for a wide variety ofobjective of several studies to determine the domain of exis-
extremely demanding applications, such as electric vehicle,tence as a function of salt type, composition and temperature.
start—light—ignition, and portable electronic and personal For example, Shriver et al. [11] constructed the phase diagram
communication [1-3]. for the PEO/NHSCN system. Lee and Crist [12] reported the

Initial studies of SPE have focused on PEO-based Li(l) phase behavior of PEO/NaSCN mixtures which form eutectic
electrolytes, however recent investigations have shown thatreactions. Fauteux et al. [13—-15] studied extensively phase
PEO dissolves a wide range of salts of monovalent, divalent behaviors of binary SPE systems such as PEOAX =
and trivalent cations [4]. For example, Blumberg et al. [5] CRSO;, ClO;, Ask;, N(CRS0,), , C(CRSOy)3 )
reported that PEO forms complexes wMCl, (M = Cd, and PEO/Nal. Gorecki et al. [16] described the phase diagram
Hg). Wissburn and Hannon [6] presented the view that inor- of PEO/Li [(CRSGO,),N] from the physics point of view. Kim
ganic nitrates such d@4(NO3), (M = Ca, Cu, Zn, Cd) are et al. [17] established the phase diagrams of PEO/MnBr
quite soluble in the polymers, namely, cellulose acetate, PEO/MnlL and compared their experimental results with a
poly(vinyl acetate), poly(vinly alcohol), poly(methyl thermodynamic model which considers only saltion—polymer
methacrylate) and poly(methyl acrylate). James et al. [7] interactions.
studied poly(propylene oxide) and found that it forms In this study, we presented phase diagrams of PERYZn

(X=Cl, Br, I) as model systems. We combined an extended

* Corresponding author. Flory—Huggins theory [17-19] and an extended Debye—
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Hickel theory developed by Guggenhiem [20,21]. An a binary polymer/salt system containing 1 kg of polymer
advantage of the extended Debye-ekel theory is its andvmmoles of salt iong, andl are defined by

simplicity in calculating the liquidus curves in the phase r,vm riN;

diagram of the binary polymer/salt systems, where salt #1= [VM+ 1,2000M  r4N; + Ny’ $2=1-¢1 (4
cation, salt anion and polymer repeating unit are assumed

to occupy one cell in a lattice, respectively. PEO is able to 1 1[r,$,1000M
192

dissolve large concentrations of ionic salts because of strong’ — 2

salt ion—polymer interactions that overcome the lattice ) . . .
energies of the salts. The extended Debyéekéiitheory whereM is the molecular weight of polymer in g/mol (i.el
[20,21] assumes that salts dissociate completely and the= 900000 g/mol)Ny, Ny, zy, zx andr, are the number of
consequential increase in the ion—ion interactions should Moles of saltion and polymer, the valencesvoandX ions

be corrected in an optimization factor which is chosen to @nd the number of segments per polymer, respectively. The

be universal to all polymer/salt systems. The extended Chemical potentials are given by
Flory—Huggins theory [17-19] does not take into account Apf" 1 (a(r1N1+ rZNZ)AGﬁﬂ)

(5)

the difference between salt cation and salt anion. RT ~ RT aN,

B v (AIZMZXII”2> ©
2. Model development 1000\ 1+1%2

DH DH
Three theoretical aspects are taken into account: the lat- Apz — i(a(rlNlJr rZNZ)AGmiX)

tice notation of a Debye—Hikel type function proposed by ~ RT ~ RT N,
Guggenheim [20,21], the modification of an extended M (2 2 10
Flory—Huggins equation [17-19] and Flory’'s melting = m( s ol )) (7

point depression concept [22].
The total molar Gibbs energy of mixingG'o%® is 3 1
assumed to consist of an extended Debyéekel (DH) o(x) = ¥3 1+x- 14X —2In(1+x) (8)
theory and an extended Flory—Huggins (FH) theory:
AGR _ AGRY | AGmi
RT _ RT RT @) 2.2. The extended Flory—Huggins theory

where R is the gas constant afds the absolute tempera-

ture For a binary polymer/salt system, the Flory—Huggins

expression for the molar Gibbs energy of mixing', at
a temperaturd is given by [22]
AGhix _ 1 ¢2
For a binary polymer/salt system at solute molality RT Eln¢l+ EIn¢2+XFH¢1¢2 ©
(mole/kg polymer), Guggenheim’s expression for the
molar Gibbs energy of mixindG2: could be rewritten in
the framework of lattice theory as follows [20,21]:

2.1. A lattice notation of an extended Debye-<€kil theory

where xgy is the Flory—Huggins interaction parameter.
Recently, Qian et al. [19,23] suggested a semiempirical
form for x. They replaced sy by 9(T,¢»), a function of tem-

AGRH b [ f'AI‘W | 112) o perature a_nd conceqtratipn. The Gibbs free energy _of mixing
RT r,vm| 3 ( and chemical potentials in terms of the new interaction para-
metery from the relationy = g — ¢.g’, are given by
3 X FH r
=g x5 @ A% 1900 )+ Ping, + 6, | X(T, 0100
1 2

whereg, is the segment fraction of the salt ian,( = 1) is o2

the number of segments per salt i@, = vy + Vx; Vi (10)
andvy are the number ok and X ions, respectively, per — ApfH ry )

salt) is the number of ions per salt, dnd the ionic strength. RT In(1—¢2) + 2 (1 - rz) +x(T, ¢2)r192 (11)
Alis the usual Debye—Hikel coefficient. In this study we fix

A =0.068 (assumed to be independent of temperature) as amps"
optimization factor for polymer/salt systems. This small RT
value implies that ion—ion interactions in a polymer/salt

=Ing, + (1—¢y) (1 - :—i) —120102x(T, ¢2)

1
system are relatively small (for example, calculated percen-
tage at molality of salt= 0.1 mol/kg in PEO/LICRSO; +12 | x(T, ¢)d¢ 12
system: ions= 2%, pairs= 71%; triples= 27%) [1]. For 2
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Qian et al. proposed that is given by the product of a  repeating unit and of salt ions, respectively. By substituting
temperature-dependent terr®(T), and a concentration- Eqgs. (17) and (18) into Eq. (16) and replacifhgy T, ,, the

dependent ternB(¢) [24]: equilibrium melting temperature of the mixture is given by
x(T,¢)=D(T)B(¢2) (13) 1 1 R Vu[rl M (2 2341 m))
- Juplt " (£ p
In this study, we use simple functions of temperature and T2 T2, AH, V.| r,1000\ 3
composition reported elsewhere [17]: " ;
1 1
D(T) =+ & (14) + o +0-0( 2-1)
d
B(¢2) =1+ b, (15) — 1919, (do + T—12) (1+bgy)
m,
whered,, d; andb are adjustable model parameters.
d; b b,
+ri|do+ —— ) {1+ 52— 592
2.3. The melting point depression theory T2 2 2

(19
In a semicrystalline system, the condition of equilibrium

between crystalline polymer and the polymer unit in the The subscripts 1, 2 and u refer to the salt ion, the polymer

solution may be described as follows [22]: and the polymer segment unit, respectively. Similarly, we
obtain
c 0 0
Pu— Py =Py — Hu (16) 2
. 0 ) ] i 1 R v [ Alzyzll
wherepu,;, u, andpy,; are chemical potentials of crystalline T 7.7 T AR | T 1000\ 14172
polymer segment unit, of liquid (amorphous) polymer ™! m. 1 !
segment unit and chemical potential in the standard state, In(1 1 rq
respectively. Now the formal difference appearing on the +IN(1 = 2) + {1 I,
left-hand side is expressed as follows: q
pS—pd= — AH,(1—T/TD) (17) + (do + T—ll> 1+ b¢2)"1¢'§} (20)
m,

whereAH,, is the heat of fusion per segment ufitand TS, o i
are the melting temperature of the species in a mixture andFrom Egs. (_19) and (20.)’ we can predict liquidus curves in
of the pure phases, respectively. The right-hand side of Eq, "€ Phase diagram of binary polymer/salt systems.

(16) can be restated by substituting Egs. (7) and (12) into

Eq. (16 foll :
9. (16) as follows 3. Experimental

Vyr
0 DH FHy Vu'1
po—pu=(Apz +Apz )Vlrz 3.1. Sample preparation
Vy[ris M /2
—RT w1 “AIZ35(172) Poly(ethylene oxide)N],, = 900 000) was obtained from
V, | r,1000\ 3

Aldrich Chemical Co. and was used without further purifi-
cation. Zinc chloride (99.999%), zinc bromide (99.999%),
zinc iodide (98%) and acetonitrile (99.9%) were also sup-
plied by Aldrich Chemical Co. and were used as received.

T r—1|n<¢>z+(1—<f>2)(r—1—1)
r, r,

— 1619 <d0+ Td—12) (1+ be,) Etgyl alcohol (EtOH) (99.9%) was supplied by Hayman
m, Ltd.
d; b b, For PEO/ZnC}, PEO/ZnBk and PEO/Zn) systems, sam-
th (do + m) <1+ 2 $2 - 5‘752)} 18 ples were cast in mixed solvents. PEO was dissolved easily

in acetonitrile and the salt is dissolved in EtOH. To form
where V, and V; are the molar volumes of the polymer films, known amounts of PEO were dissolved in acetonitrile

Table 1
List of melting point temperature, heat of fusion, molecular weight, density and molar volume for each sample

™ AH M.W. Density \Y

(K) (cal/mole) (g/mole) (g/crd) (cm®mole)
PEO 338.15 1980 900000 1.21 36.60
ZnCl, 556.15 1436.74 136.28 291 46.83
ZnBr, 667.15 2501.63 225.19 4.20 53.60
Znl, 719.15 3985.93 319.18 4.74 67.39

#1980 cal/unit
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Table 2
List of adjustable model parameters for given systems
PEO/ZNnC} PEO/ZnBr, PEO/Znb

A =0.0678 A=0 A=0.0678 A=0 A=0.0678 A=0
do —0.104 % 10? —0.153% 10? —0.197x 10? —0.845% 10! 0.767x 10° —0.338x 10!
dy 0.303x 10* 0.813x 10* 0.601x 10* 0.386x 10* —0.137x 10* 0.502% 10°
b —0.142x 10t —0.812x 10° —0.120x 10* —0.825x% 10° —0.816x 10° —0.755x% 10°

and zinc halides were dissolved in minimum amounts of 4. Results and discussion
EtOH. Acetonitrile solution then was mixed with EtOH
solution. The mixture of various O/Zn mole ratios was stir-  Fig. 1 shows the phase behavior of the PEO/Znss-
red for 48 h at room temperature, and then cast on pre-tem. Open circles were measured using TOA. The solid
cleaned microscope slides (25 mm 75 mm X 1 mm). lines were predicted by the proposed model wikh=
Films were air-dried for several hours and then transferred 0.068. The dotted lines were calculated in the casa ef
to a vacuum oven. They were de-solvated under vacuum at0. The polymer-rich liquidus curve was calculated from Eq.
25°C for 24 h and then at 9C for another 24 h. They were  (19) and the salt-rich curve was calculated from Eq. (20).
not used until crystallization was completed. The density of PEO was taken as 1.21 génThe density
of ZnCl, was 2.91 g cm®. By substituting values oR =
1.98 cal K mol™, AH; = 1436.74 cal mol, A = 0.068,
Zw=2,2x=1,r;=1,r,= 204545 and?, ; = 556.15 K
Melting point measurements of polymer electrolyte/salt into Eq. (20), the best fit to the salt-rich liquidus curve (solid
systems were carried out using a thermo-optical analysisline on the right-hand side of Fig. 1) was obtained. Adjus-
(TOA) technique. It consists of a heating-cooling stage, a table model parameters wedg = — 10.4,d; = 3032.73
photodiode (Mettler FP80) and a microprocessor (Mettler andb = — 1.42. Substituting the same adjustable model
FP90). The scan rate was 20min. An IBM PC was used  parametersd, d; andb) with AH, = 1980 cal mole?, V,
for data acquisition. = 36.6 cntmole™, V; = 46.83cnimole™ and T, =
338.15K into Eqg. (19) gives the solid line on the left-
hand side of Fig. 1. As shown in Fig. 1, the theoretical
prediction (solid lines) not only gives excellent agreement
A Perkin-Elmer DSC-7 was used to measure the heat of with the experimental results but also identifies the eutectic
fusion and melting temperature of pure salts at a heating ratepoint at the intersection of the two liquidus curves at a
of 10°C/min. The heat of fusion of ZnGI(T2: 283C), weight fraction of ZnC} = 0.14. The dotted line (an
ZnBr, (T2: 394C) and Znb (TY: 446°C) are 44.11, 46.48  extended Flory—Huggins theory only, i.8. = 0) shows
and 52.25 J/g, respectively. some deviation from the experimental data, which is due

3.2. Thermo-optical analysis

3.3. Differential scanning calorimetry

500
— (THIS WORK)
1 (EXTENDED FLORY-HUGGINS) e
450 || © EXP.DATA o
Intercrystalline )
400 ;
amorphous polymer /- Intracrystalline
X : amorphous polymer
.: 350 4 + crystalline complex
e
300
semi-crystalline polymer / salt
250 T 1 T T T
0.0 0.1 0.2 0.3 04 0.5

Weight Fraction of ZnCl 5

Fig. 1. Phase diagram of the PEO/Zp&Yystem. The transition temperatures were obtained using a thermo-optical analysis techhpidhe ©olid lines are
calculated from the proposed model. The dotted lines are calculated from the model based on an extended Flory—Huggins equation only.
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Fig. 2. Atypical TOA result for determining the melting point temperature of a polymer/salt system. The model system is PE@itArsBreight fraction of

ZnBr, = 0.312. The scan rate was 23Imin.

to the ignorance of long range electrostatic interactions the eutectic point at a weight fraction of ZnB# 0.15.

between divalent zinc ions and monovalent bromide ions.
Fig. 2 shows how to determine two different melting
points using the TOA technique for the PEO/ZnBystem.
The melting point | is approximately the same for all PEO—
salt mixtures. The melting point Il is attributed to the
transition from intracrystalline amorphous polymer and
crystalline complex to intercrystalline amorphous polymer.
Fig. 3 shows a phase behavior of the PEO/Znistem.

Melting points of this system in the salt-rich phase were
more depressed than that of PEO/ZpGlhich could be
explained by the degree of dissociation of salts based on
the lattice enthalpy (ZnGI> ZnBr, > Znl,).

Fig. 4 shows phase behaviors of the PEOAZsystem.
Open circles were measured by TOA. The solid lines were
predicted by the proposed model. The dotted lines were
calculated by an extended Flory—Huggins model only.

Open circles were measured by TOA. The solid lines were Based on the experimental results, we can expect an eutectic
predicted by the proposed model (cf. Table 1, Table 2). The point to occur at a weight fraction of Znt 0.16. However,
dotted lines were calculated by an extended Flory—Huggins theoretical prediction (eutectic point: Zré= 0.11) obtained

model only (cf. Table 2). As shown in Fig. 3, the proposed

by substituting the values from Tables 1 and 2 into Egs. (19)

model, being consistent with experimental data, identifies and (20) shows a slight deviation from experimental results.

semi-crystalline polymer / salt

Intracrystalline
amorphous polymer
+ crystalline complex

500
— (THIS WORK)
(EXTENDED FLORY-HUGGINS)
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X o/
.y B
= 3504
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250 . : - :

0.0 01 0.2

T T T
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Fig. 3. Phase diagram of the PEO/ZnBystem. The transition temperatures were obtained using a thermo-optical analysis techhidhe colid lines are
calculated from the proposed model. The dotted lines are calculated from the model based on an extended Flory—Huggins equation only.
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500
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Fig. 4. Phase diagram of the PEO/Zislystem. The transition temperatures were obtained using a thermo-optical analysis techhidire solid lines are
calculated from the proposed model. The dotted lines are calculated from the model based on an extended Flory—Huggins equation only.
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