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Network viscoelastic behavior in poly  (ethylene oxide ) melts: Effects
of temperature and dissolved LiCIO , on network structure
and dynamic behavior
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The “wet gel” model used earlier to describe the results of dynamic light scattering studies of neat
poly(ethylene oxidg(PEO melts has now been successfully applied to PEO-melt/LiGi&utions.

The results of static light scattering and viscometry measurements along with measurements from
dynamic light scattering revealed that with or without salt, the melt/gel was an overdamped system
whose network diffusive relaxations were controlled by the damping liquid component of the gel.
Important features of the melt/gel were significantly affected by the addition of LiCExamples

of important changes included increases in the network mesh size even as “petrification” of the
network by the salt rendered it less elastic. Neverthelesd, KPEO melts theessential naturef

the melt/gel remained uneffected. 2002 American Institute of Physics.

[DOI: 10.1063/1.1481089

I. INTRODUCTION AND BACKGROUND and PEO/LICIQ samples at temperatures distinctly above
their melt values.

The use of polymer-based “solid” electrolytes, or  Good conductivity in the warm, dry PEO/lithium battery
“SPEs,” is growing rapidly in a wide range of electrical and is due principally to the transport of lithium ions. LiCJ@s a
electronic device$ Polymer electrolytes exhibit a number of particularly attractive choice for use in these polymer elec-
advantages over conventional liquid electrolytes. For exirolyte solutions because it is, relatively speaking, a battery-
ample, the viscoelasticity of polymers combines both solid-electrode “friendly” salt. Here, certain aspects of the struc-
like and liquidlike properties making them particularly suited ture and dynamic behavior of molten PEO/LiGI8olutions
to battery applications. Already, lithium/polymer electrolytesat various temperatures and for various salt concentrations
are in use in high energy density rechargeable batteries, arfte reported.
it is hoped that batteries of this type will eventually serve for ~ In two earlier light scattering studies of neat PEO
off-peak power storage and as light weight power supplies ifnelts;"® it was demonstrated that molten PEO is not the
electric and hybrid electric/internal combustion engine ve-elatively bland, uniform and featureless medium it had gen-
hicles. erally been thought to be. Analysis of light scattered from

Among the variety of polymers and polymer/solvent for- PEQ—meIt density fluctuati_ons revealed ang—ranged structure
mulations examined in the search for optimum eIectronteWh'Ch could be characterized as a physical network formed

performance, salt-in-PEO systems are of particular interesPy the polymer in the melt. These PEO results were not

A problem in electrolytes free of additional solvents or plas__unique; similar results were obtained in earlier light scatter-

ticizers is the low conductivity they exhibit at ambient tem- ing studies of long-ranged density fluctuatlor_13 inmelt
: « ” samples of the homopolymers pdipethylp-tolyl-siloxane

peratures. This has led to the “warm, dry” polymer battery Ref. § and polyn-laurylmethacrylate’

concept in which some battery energy can be used to kee fhe results of the present and two earlier stutfiesere

the battery electrolyte temperature above the polymer melti—n te

. . 2 rpreted in terms of the behavior of a random elastic net-
ing point to ensure adequate electrolyte conductivity. work immersed in a viscous damping liquid. An example of

To _bettgr understand SPE conductivity, attention is fo-g ., o “wet gel” system is the extensively investigated poly-
cused in this work on the molten state of the polymer elec'acwlamide hydrogeisee, for example, Tanak al®). This
trolyte, i.e., on neat po(yethyleng QX'.dk (PEQ melts and g qtem, as treated in the Tanakzal. reference, serves as the
PEO-melt/LiCIQ, solutions since it is in the molten state that incipal basis for the interpretation and understanding of the
ion transport and conductivity occtifo mount a successful resyits of the present study.

attack on relevant SPE problems, such as the problem of low  The existence of a thermally excited network in molten
conductivity at ambient temperatures, a better understandingeQ samples was consistent with analyses of the light scat-
of the relationship between ion transport and polymer structered from them; scattered light PCS autocorrelation function
ture and dynamic behavior in SPEs is of paramount impor{ACFs) relaxations were single-exponential in form and
tance. Therefore, the techniques of static light scattering, dyeriginated from light scattered from long-ranged density
namic light scattering[photon correlation spectroscopy fluctuations associated with displacements of the gel net-
(PCS] and viscometry were used to study neat PEO samplework. As for polyacrylamide hydrogels, very rapid melt re-
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laxations due to PEO thermal diffusion were not apparent iraddition of successive, measured amounts of salt in metha-
these ACFs; ACF characteristic times associated with themol. At each stage, another PEO/methanol/salt solution hav-
mal diffusion were estimated to be at least five orders ofng a higher salt concentration was produced and methanol
magnitude faster than those of the gel network. These dyremoved from each such solution using heat and vacuum
namic light scattering results were supplemented with statiproduced another PEO-melt/salt solution having the desired
light scattering and viscometry measurements for both neagalt concentration. Light scattering measurements from
PEO melts and PEO-melt/salt solutions. Interpretation oPEO-melt/LiCIQ, solutions having increasing salt concen-

these results was greatly aided by important insights into therations were interleaved between successive salt additions.
structure and dynamics of molten PEO from the wet gelFor light scattering measurements, PEO/methanol/salt solu-

perspective obtained from the earlier work of Tanakal, tions were filtered through 0.2 micron pore-size Teflon mem-
from Nossal and from the recent, comprehensive review ar-brane filters(Millipore, Bedford, MA) into dust-free 5 mm
ticle of Bastide and Canddd. square spectrofluorometer cuvett€sarna, Atascadero, QA

Earlier, the results of PCS measurements used to studyt into dust-free 5 mm NMR tube@Vilmad Glass, Buena,
solutions of PEO in methanol and neat PEO melts, alongyJ). During methanol evaporation from light scattering cells,
with results from preliminary viscometry measurements,solution temperature and vacuum were increased continu-
were described>'* While results for both highly entangled ously from ambient values to 68 °C and 23 in. of mercury.
melts and unentangled melts were discus¢&htangle-  The progress of methanol evaporation was followed by
ment” as defined by rheological measuremgntie focus  checking the absolute weight of the sample in the glove box
was on the unentangled PEO melt system. Although certaiand was considered complete after the sample weight re-
comparisons are made here between unentangled and &fained unchanged for at least 2 days. After methanol re-
tangled melt systems and a comprehensive study of thgoval, sample cells were sealed under dry nitrogen and
hlgh'y entangled 50 K PEO melt system initiated, the fOCU&aken out of the g|ove box for measurement.
of the present Study has remained on the Unentangled PEO For Viscosity measurements, PEO melt Samp|es were
melt. In particular, the effects of temperature and Li€IO produced using procedures similar to those used to produce
concentration on PEO melt structure and dynamic behaviqlight scattering samples and PEO/methanol/LiC#0lutions
were investigated and the utility of the wet gel model inere loaded directly into the viscometer cell in the glove
interpreting ~ and  understanding PEO  melt  andpox. To check the course of methanol evaporation in the
PEO-melt/LiCIQ, solution behavior explored further. viscometer sample cell, the sample viscosity was monitored

at regular intervals. When the viscosity had not changed for
Il EXPERIMENT at least 2 days, melt viscosity measurements were made in

A low molecular weight PEO samplé\{,,= 1060) with  the glove box using a Viscolab-3000 viscomg@ambridge
a narrow molecular weight distributionM,/My=1.03)  Applied Systems, Bostorthermostatted to control set tem-
custom synthesized by Polymer Standards Ser(itainz,  peratures to within 0.02°C.

Germany was employed for most of the measurements re- A melting point apparatusLaboratory Devices, Inc./
ported here. Additional measurements were made using Barnstead Thermolyne, Dubuque, Iovead/or directjn situ
custom synthesized high molecular weight samplé,( observations, were used to determine sample melt tempera-
=50000M,/My=1.05) from Polymer Source, In¢Do-  tures.

val, Canadp PEO chain ends for both samples were For the most part, light scattering measurements were
“capped” with methyl groups to avoid complicating behav- made employing a VV scattering geometfyccasionally, a

ior associated with chain hydroxyl end-groups. Based orVH geometry was used to determine if behavior associated
rheological measurements,etll K PEO sample is unen- with transverse PEO network relaxations was apparent, to
tangled in the meltthe critical value for the melt entangle- check for the presence of regular structure in the melt, and to
ment molecular weight is about 3500vhile the environ- verify the absence of multiple scattering in PEO melt
ment in the 50 K melt is highly entangléd.Before final samples. As was found in an earlier stddyp evidence of
sample preparation and measurement, additional PEO purifinultiple scattering or scattered light depolarization in the
cation was carried out as described eafliinal sample time window of interest was observéig. 1). Samples were
preparation was carried out in a stainless steel glove boitluminated by the 514.5 nm emission of an argon-ion laser
(Labconco, Kansas City, MCflled with purified and dried (Coherent, Palo Alto, CAor the 647.1 nm emission of a
nitrogen so that the moisture level in the box was maintainedrypton-ion laser(Coherent. In PCS measurements, scat-
below 10 ppm V. Anhydrous lithium perchloratEluka AG, tered light was detected using an automated goniometer in-
Buchs, Switzerlandwas further dried in a dessicator under corporating post-sample detection optics and electronics
vacuum before being placed into the glove box. Molten(Brookhaven Instruments, Holtsville, NYwith a BI-9000
PEOILICIO, solutions were made up in two ways. Either the multidecadic digital correlator(Brookhaven Instrumenks
melt/salt solution was made straightaway from a single prethen used to form scattered light intensity autocorrelation
paratory methanol solutiofanhydrous methanol, J. T. Baker, functions. Static light scatterin¢SLS) measurements were
Phillipsburg, NJ having the desired salt-to-polymer ratio fol- made using a model BI-2030 digital correlat@rookhaven
lowed by removal of the methanol using heat and vacuum, oinstrumentsand square cuvettéStarna, Atascadero, QA&s

a series of melt/salt solutions was made. This series begasample cells. The angle-dependent signal in SLS measure-
with a salt-free PEO/methanol solution followed by the serialments was corrected taking into account the cell geometry,
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the angle dependence of the scattering volume, and the réhe network moved through the damping liquid on its return
fractive indices of sample, toluene index matching liquid,to an equilibrium conformation.
and cell walls. In all measurements, the sample cell assembly As mentioned above, PEO melts are not the only sys-
was thermostatted maintaining sample temperatures withitems exhibiting the type of cooperative, long-ranged behav-
0.1°C of set values. PEO refractive index measurements &br of the kind studied here. Similar behavior was reported in
514.5 nm and 647.1 nm were made over the appropriatearlier PCS studies of the melts of at least two other linear,
range of temperatures for neat melt samples and PEO meliexible homopolymef®’ though the wet gel model was not
salt solutions with the appropriate range of salt concentraused to interpret the results of these studies.
tions using a model 60LR research refractoméixlling- PEO-melt density fluctuations of wave vectprare re-
ham and Stanley, Tunbridge Wells, UK sponsible for the scattered light detected at a scattering angle
0in light scattering measurements. The particular fluctuation
detected depends on several parameters with the magnitude
11l. RESULTS AND DISCUSSION of g given byg=4mnsin(6/2)/\y. Here,n is the melt re-
fractive index,f is the scattering angle, ang is the vacuum
wavelength of the incident laser lightin the Tanakeet al.

As discussed in earlier woflC strong scattering, single- treatment, reduced electric-field autocorrelation functions
exponential scattered light autocorrelation functions in thg ACFs) for PCS measurements frol K PEO melt wet gels
VV scattering geometry, and the absence of scattering in theiere determined to be of the for(Fig. 2),

VH scattering geometry for ned K PEO melts could be

explained if PEO melts behaved as “wet gels.” The PEO-  gW(q,t)~e = (¢/f )9%t )

melt wet gel consists of a random physical network, having a

range of mesh sizes, immersed in an amorphous dampingith I" the exponential decay constant associated with the gel
liquid. The single-exponential character of scattered lighinetwork relaxationf the frictional force per unit volume on
ACFs demonstrated that the average mesh size was smdie network as it moves with unit velocity relative to the
compared to the wavelength of the probing laser light emdamping liquid,t the ACF time-shift variable, an& the
ployed in light scattering measuremefitsThe network network elastic modulus. Note that the roles of the gel elastic
formed in neat melts via association of PEO with itself cre-network and of the gel damping liquid are clearly separated
ating “tie points” (the “physical bonds} from place-to- in Eq. (1) with the former expressed in terms of the network
place, presumably due to hydrogen bonding and short-rangedodulusG in the numerator and the latter expressed in terms
attractive interactions between permanent dipoles along PEGf the damping liquid friction coefficientin the denomina-
chains. The network is physical since network tie points daor.

not involve covalent bonds. Collagen hydrogels, such as In Eq. (1), G=G,, the compressional modulus for net-
“Jello” (gelating gels, are physical networks of the fibrous work longitudinal displacements was probed in PCS mea-
protein collagen in water. The polyacrylamide hydrogel men-surements using the VV scattering geometry. For PCS mea-
tioned in Sec. | is an example of a permanent, chemical wesurements using the VH scattering geome@®y- G;, the

gel. shear modulus for transverse displacements of the network.

In PEO melts, the gel network was continually displacedOftentimes,G is written in terms of the bulk modulus and
from its equilibrium conformation by spontaneous thermalthe shear modulug with G,=K+ 3u andG,= . It is im-
fluctuations. These displacements then relaxed diffusively agortant to emphasize again that in the Tanakal. treat-

A. The wet gel model
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ment, these moduli refer to the network component of the geisotropic PEO melt, and it is the longitudinal diffusion, i.e.,
and not to the gel as a wholaetwork plus damping liquid  the diffusion of the network displacement along the axis de-
This choice amounts to assuming that the gel network relaxfined byq, that is probed. Then,

ation is dominated by network elastic retractile forces rather
than by osmotic forces. More recently, light scattering stud-
ies of gels have been carried out under conditions in which
the retractile tension of the swollen network was balanced by
the osmotic swelling force of the network/damping liquid So, in VV PCS measurements of PEO melts, relaxations
“solution.” Consequently, the roles of the osmotic as well asassociated with the uniaxial, longitudinal compression of the
the network elastic contribution to the bulk modulus of thegel network are probed.

whole gel had to be considered in detail in interpreting the  For soft networks of the kind studied here, it is revealing
results of these studié8In the Tanakaet al. study, the con-  to express the network modufi and w in terms of the net-
clusion that network elastic forces dominated gel dynamiovork Poisson’s ratiar and Young's modulug ®

behavior was borne out by the excellent agreement between

G
r=Dig?=—+¢> @

the prediction thal’,=2u/f for PCS measurements of poly- ~ E(l-o0) 3
acrylamide hydrogels and the direct verification of this pre- C 3(1+0)(1-20)’

diction using independently determined valuesucdnd off

measured in the laboratory. Like the hydrogel, the PEO melt E

network was “soft” (G, was small, roughly comparable to K= oa—=o) 4)
that of the softer polyacrylamide network treated in Ref. 8

In contrast to the hydrogel, ¢hl K PEO melt was a single Because PEO melt networks are saitjs small com-

component system. Because the PEO-melt wet gel is envpared to 1(however,o for the gel as a whole isot small
sioned as a PEO network immersed in a PEO damping ligeompared to }, and to a good approximatio®,=E=2u.

uid, osmotic restoring forces were assumed to be negligibl€onsequently, as far as the network is concerned, for VV
in comparison to network retractile forces. Correspondinglymeasurements the decay rates of PCS ACFs and their corre-
the osmotic contribution to the bulk moduldswas assumed sponding relaxation functiong(t) are generally determined

to be negligible. by the Young’'s modulug& of the PEO network along with

In Eq. (1), the exponential decay constants for the lon-[see discussion and E(6) concerning relaxation functiohs

gitudinal and transverse relaxation modes are expressed &splicitly,

I, =D, g? with diffusion coefficientsD, (=G, ;/f. Thus it

is theD,  that embody the behavior of the gel, per se, while oP

the corresponding, ; via g° reflect the geometry of the light E= S )
scattering measurement as well.

In practice, the scattered light intensity for PEO meltwith SP the pressure change associated with the uniaxial
measurements made using the VV scattering geometry waompression of the gel network arl/l its corresponding
plentiful while that for measurements made using the VHfractional length change along For “soft” networks, the
geometry was negligiblésee Fig. L In VV PCS measure- modulusG,(=E) is small while for “stiff” networks G, is
ments, the wave vectay defines a direction in the otherwise large.
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B. Data reduction and analysis work, I' and 7 are characteristic parameters for longitudinal
rqelaxations of the melt network and so, for examgdleis

While single-mode relaxation behavior had already b
ile single-mode relaxation behavior had already eedenoted af, .

reported for neilal K and 50 K PEO melt samples in Ref. 4, | tice. it has b found that PCS relaxation f
bimodal ACFs consisting of a faster relaxation mode along. n practice, 1t has been found that relaxation func-
with a slower relaxation mode were also observed. The'©NS for _p_olymerlc liquids are pftentlmes well fit by the
slower mode was attributed to gradual rearrangements of th%em|emp|r|cal KohI.ratjsch—W{Illams—vyatts{KWW) y o
physical network as a whole while the faster mode wasStret.Ched expone?glal relaxation function. For a givep
shown to be due to diffusive network relaxations. The com-¢(t) is of the form,

plete absence of the slow mode in all the ACF measurements

made in this study is considered to have resulted from evo- ¢ (t)~exd — (I'|t)#]. (7)
lutionary improvements in sample preparation. In particular,

improvements resulted from a more effective sample purifi- ) ) .
cation procedure. Details of this procedure will be made The dispersion parametg, 0<p<1, then provides a

available to the interested reader upon request. In effect, meffeasure of the width of the distribution of decay raigs,A
networks studied here were trapped in a permanent state, value of 1 corresponds to single-exponential relaxation
state having network characteristic rearrangement times dgehavior, while smalleg values indicate broader distribu-
long they were well outside the correlator time-shift window, fion functions. In - analyzing PCS relaxation functions,
As a result, the present work deals solely with single-mode#(0,t), either the inversion routine CONTItRef. 16 was
single-exponential diffusive relaxation functions. used 0 determine the distribution fU”C;"W(F) or A(7)
Reduced ACFs, labeled a2 —1, were computed by from g(t) (Fig. 2 and/or KWW fits tog® -1 were used.
subtracting measured intensity ACF baselines from thesB0th approaches produced consistent results yielding essen-
ACFs and then dividing the resulting function by the base-t'a”y_ the same relaxation rates. For Kww analyses, the dis-
line. Comparisons between these reduced ACFs were facilPersion parameteg was close to L(deviating at most by
tated(as was done earlier, see Ref.by scaling initialg®®  about 10% and, correspondingly, narrow relaxation rége
—1 values to 1(Figs. 2 and 3 Relaxation function decay relaxation time distributions were obtained using CONTIN.
constants” were then extracted from electric field autocor- Taken together, the two methods confirmed the single-
relation function modulig‘®(q,t), via the relation[g™]2 exponential nature of measured monomodal ACFs at differ-
—g®@—1 with the relaxation functions(q,t) proportional €nt temperatures and different salt concentrations for both

to g). For a giveng, g™—and thus the relaxation function the 1 K and 50 K PEO melts.

#(t)—can be represented in terms of a continuous distribu-  Static light scattering was used to further characterize
tion of exponential relaxation$ the long-ranged order and structure evident intrield PEO

melts from visual observation and from PCS measurements.
W 7 a7 s Using a range of smalj values, i.e., small scattering angles
9= fo w(l)e " 'dl'= fo A(r)e TTd7 ®  (the smallest angle employed was Lafong with the 647.1
nm emission of a krypton-ion laser, long-ranged fluctuations
with 7=1/T", 7 a characteristic relaxation time, ane(T") in these melts were probed. The static density—density cor-
andA( ) the “frequency space” and “time space” relaxation relation functionp(r) for long-ranged fluctuations is given
distribution functions, respectively. Again, in the presentby®’
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FIG. 4. Reciprocal Orstein—Zernicke pldfd(q)]~* vs g2} for the neat 1 K PEO melffsolid circles and for a 16 wt. % 1 K PEO-melt/LiClDsolution at
temperatures ranging from 45 to 80 °C. The incident laser vacuum wavelength was 647.1 nm.

e és neat 1 K PEO melt relaxations. Similarly, the diffusive char-
p(r)~——, (8)  acter of ACF relaxations for neat 50 K PEO melts had been
demonstrated earlidFig. 9 in Ref. 4.

with r a separation distance between pairs of points in the  As for the 1 K PEO neat melt, VH scattering from 50 K
fluctuation and the “correlation length¢s, a measure of the  pPEQ neat melt samples was negligible demonstrating that as
size of the fluctuation. By this measure, the melt is considfor 1 K PEO melts, regular structure and multiple scattering
ered to be “uniform” for distances greater thggn. The cor-  were also absent in 50 K melts.
responding expression for the scattered light interigity is
given by the Ornstein—Zernicke equatith,

lo 20
I = —5 5 9 | T T T T |. v X.-0
@= 172 ) N TR
— . s=0 v
with 1,=1(q) for g—0. Melt correlation lengthst, were I " L as]e Xlom v i
extracted from fits of the reciprocal functiph(q)] * to the e v
. . F R 2R X 4
reciprocal of Eq(9) (Figs. 1 and % Lo "2':: ’mé’ _2;3 = v
TZ 10 - q [107cm™] v i
= v
C. Neat PEO melts v
The neat 1 K PEO melt is the reference system for the 5t v . ® *
present work. Having investigated the structure and dynamic - « * °
. . 2 [ | 4
behavior of the neat melt, the effects of LiGl@n PEO 3 M $ 2 2 1 11 i oa ]
m_elts were interpreted in part by compar_iqg these_ r_esults O 2 3 4 5 & 7 8 9 1
with those of the neat melt system. In addition, preliminary & [10° ]

results for the 50 K PEO melt, with and without salt, are also
presented for comparison Wil K PEO results and to intro- g, 5. wave vector dependenceldfor the neat 1 K PEO melt and four 1
duce the study of highly entangled PEO melts. Neat 1 K antk PEO melt/LiCIQ, solutions measured at 60 °C and scattering angles from

50 K PEO melt temperatures were determined to be abo#0 to 120°. The incident vacuum wavelength was 514.5 fimalues were
extracted from KWW function fits to the data. A rescaléduxis is used in

o o H
40°C and 60 C’ respectlvely. the inset to better depict the behavior of the three slowest relaxafibns.
As for earlier measurements, tig dependence of uncertainties were estimated to be about 20% and 10%%ealues below

(Fig. 5, Fig. 8 in Ref. 4 confirmed the diffusive character of and above about:210" cm™2, respectively.
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FIG. 6. The salt concentration dependence of activation eneffjies

circle._c, and_ open trianglgE, andE,, respec_:tively, from light scattering FIG. 7. Arrhenius plots of PCS ACF relaxation ratds, for six 1 K
and viscosity measurementsloK PEO-melt/LiCIQ, solutions. Also shown PEO-melt/LiCIQ solution with temperatures ranging from 40 to 80 °C.

are relaxation rated;, extracted from KWW fits to light scattering data Measurements were made at a scattering angle of 90° Witalues ex-

(open circlex T' values from d|ﬁer9nt samples a_nd mult|p_le measu_rem_ents}racted from KWW fits to light scattering ACFs. Corresponding activation
of the same sample are shown to illustrate the difference in the variability o

measurements made with and without salt. The inset prefeotsa loga- energiest, are presented in Fig. 6.
rithmic scale to illustrate the exponential decreasé imith increasingX
and to emphasize the reduction of scattef inpon the addition of salt.
The especially tenuous nature of hdaK PEO melt
transient networks was demonstrated earlier by the disap-
A side-by-side comparison of scattered light intensitypearance of network behavior altogether upon the addition of
ACFs for neat 1 K PEO and neat 50 K PEO melt samples a& very small amount of methana & 1 K PEOmelt? It is
70°C and a scattering angle of 90° is shown in Fig. 2. Alsoalso well known that small amounts of water can dramati-
illustrated are the correspondinglistribution functions. For cally effect the properties of PEO meltsn the present
comparison, these are presented using the “equal arealork, same-sample measurements were repeated after a pe-
representatiofi! 7A(7), with peak maximum values scaled riod of typically 1-2 weeks witH", values both increasing
to 1. Despite the difference in their states of entanglementnd decreasing. It was concluded that despite great care in
apparent in the significant slowing down of the relaxation insample preparation, variations in residual amounts of mois-
the 50 K melt compared to that for éhl K melt, both ture and solvent resulted in large variations in neat rhelt
samples exhibited monomodal, single-exponential relaxationalues both for measurements of the same sample at different
behavior. The factor of about 50 differencelinbetween the times as well as for measurements of different sam(ies
neat 1 K and 50 K PEO melt sampl@sg. 2) cannot account 6).
for the reported four-orders-of-magnitude increase in the 50 In investigating neat-melt temperature behavior(T)
K melt viscosity over that of th 1 K melt!® This consider- results obtained both for time-to-time measurements of the
able increase in the melt viscosity with increasing moleculasame sample and for measurements from different samples
weight reflects the transition in the PEO melt from the unenwere well described by Arrhenius plots of the didamore
tangled to the entangled state. Considering @9.this dis- complete discussion of this temperature behavior is pre-
parity in changes in the relaxation rate and in the viscositysented below in the discussion of the behaviorDg{T)].
for the two molecular weights suggests that in the highlyDespite variations in neat-meltf|(T) values, these plots
entangled environment of the 50 K PEO melt, the networkyielded a family of parallel, straight line®ot shown herg
elastic moduluss, increased by a factor of about 200. How- each having the same slope and thus the same value for the
ever, suggesting th&, increased in this way assumes that asactivation energy for network diffusion. Selecting a reliable
for 1 K PEO melts, the wet gel model can also be used tmeat-meltl’|(T) data set, as described beld®wig. 7, open
describe 50 K PEO melts. Verification of this assumptionsquarey the activation energyg, for the diffusive relax-
awaits the results of further 50 K PEO melt studies. ation of the gel network was determined to be 29 kJ/mol.
While for a given temperature values were stable and The variability observed if’| for neat 1 K PEO melts
reproducible,I’; varied considerablyFig. 6, open circles  was not observed in viscosity measurements; repeated same-
Note in Fig. 6 that the results from different samples andsample and sample-to-sample viscosity data were consistent
multiple same-sample measurements #®+90° and T  and reproducible for all samples, with or without salt. Neat
=60 °C are not averaged. In this way, the rather large changeeltI"| variations and the invariance of theresults may be
in data variation between samples with and without salt isexplained by differences in the techniques of light scattering
highlighted. In contrast with neat melt results, the addition ofand of viscometry. Light scattering was noninvasive and suf-
salt resulted in relaxation ratés that were stable and repro- ficiently sensitive to detect and monitor gel network behav-
ducible. This stability and reproducibility was observed bothior. On the other hand, viscosity measurements, made by
between different samples and for observations of the samgushing a piston through the melt, did not distinguish be-
sample made at different timéa discussion of the effects of tween the gel network and the gel damping liquid, respond-
LiClO, in this regard and of the determination of reliable ing instead to an averaged, “uniform” liquid medium. More-
neat-meltl’| results is presented below over, because of the tenuous nature of the network, it was
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10 ———"TF—"————T— 1 throughout the range of LiClQconcentrations examined
N X.=0.0 * X =017

=002 4 X ;=022 ] (see below

=005 » X =028 ] For network diffusion,D;=G,/f [Eq. (1)], and quite
generally, the network modulus depends directly on the ab-
solute temperatur¥. Sincef o« 7, from Eq.(1) and the direct
dependence on absolute temperatur&pf the temperature
dependence db, goes adD,~Te E»/RT, a result consistent
with the observation thaép=E, . So, although the form of
the temperature dependence for was not strictly Arrhen-

10° 3 E ius, network diffusion was nonetheless a thermally activated

] process, and meaningful determinationsEgf could be ob-
] tained usind)(T) Arrhenius plots, ID,~In T—E/RT. Plot
. slopes, and thus activation energies (equivalent toE,),

ol were uneffected by the Rterm, a “shift” term contributing
28 28 3.0 31 an essentially constant value toDpover the range of tem-
1T [10°K™] peratures employed.

By combining the light scattering and viscometry results
solutions with temperatures ranging from 50 to 90 °C. Corresponding acti”! the productyD, , sincesD,~G, t,he behavior of the ,gel
vation energies,, are presented in Fig. 6. network modulusG, could be examinefisee Eq.(2)]. This

was possible because independently determined PCS and

viscometry measurements of the temperature dependences of
assumed that these viscosity measurements fairly represent®g(T) and »(T) were very consistent througholEp,=E ,
the viscosity of the damping liquid component of the 1 K both for neat melts and for PEO-melt/LiCJ@olutions over
PEO melt. Due to the relative insensitivity of viscosity mea-the range of LiCIQ concentrations examined. Thefy
surements, the variability observed Iih was not observed —E,=0 in the exponent of the produetD, so that the
for #. In this regard, recall also that the network detected bystrong exponential temperature dependencen(if) was
light scattering for 1 K PEO melt samples was not apparentcanceled” by the equally strong exponential temperature
in earlier rheological measurements either. In fact, the valuéependence iD|(T). As a result, the temperature depen-
of the critical molecular weight for entanglement in the meltdence ofyD, was apparent. Significantly, and somewhat un-
was determined to be about 3500 daltbha,value distinctly — expectedly, the temperature dependenc&pfor this com-
greater than the 1000 dalton molar mass @ thK PEO plex PEO melt gel network was that expected for an
sample studied here. Nonetheless, viscosity measurementealized network; it was linear ifi and thus consistent with
are known to be sensitive to small amounts of moistureghe wet gel modelFig. 9, first panel Based on the linear
present in PEO melts Evidently, the amounts of residual temperature dependence &, 7D, was expected to in-
water and solvent in PEO melts were sufficiently small thatcrease about 9% over the temperature range examined. From
although their effects were not detectable in viscometry mealinear fits to the datayD, actually increased somewhat more
surements, they were clearly evident in light scattering measlowly for one sample and somewhat more rapidly for the
surements. other(first panel Fig. 9, open and filled squares, respectively;

From the neat melty(T) Arrhenius plots(Fig. 8, »  for a discussion of the selection of these two neat-melt

~eF7/RTand the activation energy for viscous flow of the gel samples, see Sec. I)DIt should also be noted that in an
damping liquid,E,,, was determined to be 25 kJ/mol. The earlier study,yI'; for the neat 1 K PEO melt appeared to be
Arrhenius behavior and the 1 K neat melt results presentetemperature independefig. 4, Ref. 5. However, when
here are consistent with the results of earlieKk PEO-melt  plotted alongside the neat melt data from the present study
viscosity measurements made over a similar range ofFig. 9), the temperature dependence of the earlier results
temperatures using a cone-and-plate Shirley—Ferrantiecast asyD, is apparent and is seen to be consistent with
viscometett® The equivalence for the neat melt of indepen-that observed here since all three plots have comparable
dently determined values fd, andEp—the activation en-  slopes. However, the data from the earlier study are distinctly
ergies for viscous flow of the gel damping liquid and for larger in magnitude than those from the present study. This
diffusive relaxation of the gel network, respectively—revealsdifference is a reflection of the large variability meatmelt
the nature of the coupling between the network and thd" values resulting from variations in melt sample residual
damping liquid. Viewed from the perspective of the wet gelmethanol and water, as discussed ab@hé variability is
model, tle 1 K PEO melt is an overdamped system with theclear in Fig. 6, as well
network relaxation governed by the viscosity of the damping  Static correlation length§s andg—0 1(q) values,l,
liquid. This conclusion is consistent with the single- for neat 1 K PEO melts were obtained from static light scat-
exponential form of the relaxation functioi(t) and with  tering measurements by fitting the reciprocall d), mea-
the earlier assertion that the modulus oé th K PEO-melt  sured for a number of scattering angles, to the reciprocal of
network was small, i.e., the assertion that the network washe Orstein—Zernicke expressifg. (9)]. Strictly speaking,
“soft.” Moreover, the equivalence ok, andEp, implying  fits to the Orstein—Zernicke expression requigg<1. Be-
overdamping in the PEO melt wet gel system, persistedausets values were large, this criterion was not met across

¢ peon
x

n [cP]

FIG. 8. Arrhenius plots of viscosities;, for seven 1 K PEO-melt/LiCIQ
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FIG. 9. Temperature behavior of viscosity and diffusion coefficient produgls, for 1 K PEO-melt/LiCIQ solutions at eight salt concentrations with
temperatures ranging from 50 to 80 °C. Light scattering measurements were made at a scattering angle of 9@fumsdwere extracted from KWW fits
to light scattering ACFs.

the entire range of scattering angles employed. Nonethelesspned above, the single-exponential character of PCS ACFs
the fits are convincingly good and higher and lower angledemonstrates that it was not the case here either. In this re-
data fall on the same straight lines throughout the range afard, it is important to note that the earlier interpretation of
angles employedFig. 4, solid circles &g as a measure of gel “cell” siZewas incorrectés is a

Typical results forl (q) are presented in the plot 6fq) measure of the size of the density fluctuations responsible for
vs g2 in Fig. 1 (see also Sec. Il D It was found that both the scattered light. In turn, these density fluctuations are as-
neat-meltl(0) values[I(0)=100Hz and &g values €5  sociated with displacements of the elastic gel network. As far
=200 nm) remained constant across the temperature range static light scattering measurements are concerned, the
explored (Fig. 4, solid circleg The temperature indepen- system is “uniform” for distances greater thag.
dence ofl (0) was in accord with the expected dependence The temperature independence &f for the neat melt
with temperaturé®t’ (Fig. 4) reveals a certain network thermal stability presum-

ably originating from its mechanical integrity.

HO)~T/G,, (10 Long characteristic times, I/ corresponded to slow re-
since it had already been determined th&t,~T and thus laxations of long-ranged network displacement fluctuations
G~T. and large associated dynamic lengtl§gs,, were extracted

Large, order-of-visible-light wavelengtfy values reveal  from D, results using the Stokes—Einstein expres$ion,
unusually long-ranged order in neat PEO melfts.magni-
tudes are consistent with the visual observation of strong kgT
scattering and slow relaxations seen in PCS AQHss. 2 '2677775,3’
and 3. Values ofég are of the order of the probe wavelength,

27/q, and associated characteristic times for network relaxwith kg the Boltzmann constant. Note thét~T/»D, and
ation are correspondingly quite long. Note that thés@al-  the insensitivity oféy to variations in temperature reflects
ues are much larger than the si@be gyration radius, for the linear dependence on temperature of the network modu-
example of an individual 1 K PEO chain in the amorphous lus (G,~ #D,~T, Figs. 9 and 10, first panel¢, is the hy-
component of the melt. drodynamic screening length in the system; the behavior of

While it is tempting to interprefs as a measure of net- the gel network is affected by perturbations in the gel fluid
work mesh size, this is generally not the c&Sé&s men-  for distances as great @& and negligibly affected for dis-

(11
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FIG. 10. Temperature dependence of dynamic correlation lengghsfor eight 1 K PEO-melt/LiCIQ solutions with temperatures ranging from 50 to 80 °C.
Light scattering measurements were made at a scattering angle of 9@ &Bds.(2), (11)] values were extracted from KWW fits to light scattering ACFs.

tances greater thaf . In neat meltsép and &g are of the  salt-sequestering spherulitic crystallites immersed in a PEO
same order of magnitudérst panel in Figs. 4 and 20How-  melt/salt solution. It has been shown that up to the eutectic,
ever, Eq.(11) was derived for idealized networks possessingaddition of salt lowers the melting temperatdire,reduction
regular crosslink functionality with crosslinks connected byattributed to increasing disruption of otherwise crystalline or
individual polymer strands having well-defined conforma-semicrystalline regions in the premelt system. As an example
tions. Moreover, the i factor in the denominator is not to be of this behavior from the present study, the maximum
taken literally; it is there “as a convenient reminder of the LiCIO, concentration of 30 wt. % Xs=0.30) in the 1 K
similarity (of the expressionwith the Stokes Law for vis- PEO melt/salt solution reduced the melt temperature 15°C
cous motion of a sphere’” So, &, values calculated using relative to the neat melt value.
Eq. (11) are approximate to the order of a constant multiplier.  As for neat melts, results fd K PEO-melt/LiCIQ, so-
Nevertheless, the behavior @f is important and the fact |ytions were consistent with the wet gel model. PCS ACFs
that {p and &s are large and of comparable magnitude is\yere monomodal, single-exponential decays dndwas
gignificant _in t_hat it shows that long-ranged, hig_hly cooperatound to depend linearly om? at all salt concentrations,
tive behavpr in 1K PEO_meIts was observed in both Stat'Cdemonstrating again the diffusive nature of the gel net-
and dynamic light scattering measurements. work relaxation process in these polymer-plus-salt solutions
(Fig. 5.
D. PEO-melt/LiCIO 4 solutions A comparison betweel K and 50 K PEO melt behav-
Adding LiClO, reduced PEO melt temperatures acrosg0rs was made, this time at a LiCjQconcentration of 10
the range of salt concentrations examined. This behavior i#t. % (Fig. 3. PCS ACFs for the 50 K melt exhibited the
consistent with the PEO/LiClpphase diagram presented in monomodal, single-exponential relaxation character charac-
Ref. 1. However, it must be noted that PEO molecularteristic d 1 K melts with and without salt. In addition, in Fig.
weights from such studies were presumably significantlyll, the shift of7A(7) peaks(equal area representatjoto
greater than the 1000 dalton sample studied here and wegeiccessively longer characteristic times illustrates the sys-
thus well above the critical molecular weight for polymer tematic, monotonic slowing down of network relaxations
entanglement. As the sample warms up and the melt tenwith increasing salt concentration for a given temperature.
perature is approached from below, the premelt exists as [dote that to facilitate comparisorrA(7) peaks have been
metastable, two-phase system consisting of a population afcaled to have a maximum value of 1.
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squares and in the 60 °C neat-melt regolben squargsin
Fig. 7.

As for neat melts, viscosity values were stabjezalues
for different samples and values for the same sample at dif-
ferent times remained consistent throughout the range of salt
concentrations examined.

The temperature behaviors bf and of » for different
LiClO, concentrations are illustrated in the Arrhenius plots
presented in Figs. 7 and 8. With increasih@t a given salt
concentrationXg, I' increases monotonically ang de-

101 creases monotonically. With increasiixg at a given tem-
7 [s] peratureT, I' decreases monotonical(gee also Fig. Jland
FIG. 11. Equal-area relaxation time distributiong\(7), extracted from " increases monOtonica”y' For example, at 60 m’de-
CONTIN fitg to light scattering ACFs for %il K PEO:";]elULiClQ solu- creased mark_edly angl increased markedly_abOUt_tvvo or-
tions. For comparison purposes, peak maximum values were scaled to 8€rs Of magnitude each—over the salt concentration range,
Salt concentrations increase monotonicallyrdscreasesX,=0.00, 0.05, 0<Xg=<0.27. Figures 7 and 8 also illustrate increasing slope
0.10, 0.17, 0.23, and 0.27. Measurements were made at a scattering anglemfagnitudes with increasing salt concentration, il:_q,, and
90° and a temperature of 60 °C. - . L . .
E, increased monotonically with increasiXg . This behav-
ior is clearly illustrated in Fig. 6. Moreover, it is seen in Fig.
6 thatEp=E,, over the salt concentration range investigated

As for the neat melt, there was about a 50-fold slowing(the viscosity measurement for the highest salt concentration
down in the ACF relaxation for the 50 K polymer-plus-salt Was less reliable than the other measurements because it was
melt compared to that for ¢h1 K polymer-plus-salt melt. Made at the limit of the measurement range of the viscom-

However, the 50 K sample ACF relaxation rates exhibitedeted. This equivalence in activation energies and the single
stronger temperature dependence than déd thK sample. exponential character of relaxation functions demonstrated
Arrhenius analyses of (T) for the 1 K and 50 K PEO that with added salt, as for the neat melt, the gel system was
samples yielded activation energies of 35 kJ/mol and 52 kJpverdamped with gel network relaxations controlled by cor-
mol, respectively, reflecting the greater barrier height for theesponding damping liquid viscosities. The decreade amd
diffusive relaxation of the gel network in the entangled meltthe increase ity with increasingX result from correspond-
as compared to that for the unentangled melt. ing increases iny, an increase consistent with the corre-
As pointed out earlier, the addition of LiCjQto 1 K sponding increase in the numbers of ion mediated intra- and
PEO melts effectively eliminated tH& variability found in  interpolymer links in the damping liquid component of PEO
neat melts between different samples and for the sam@elts. Restated, the increase in the activation energy for the
sample at different timegFig. 6). This reduction inl; vari- diffusive relaxation of the gel network resulted from the in-
ability upon the addition of salt can be accounted for in atcrease in activation energy for the viscous flow of the damp-
least two ways. First, recalling that LiCjQlisassociates es- ing liquid through the network.
sentially completely in both water and methanol;" Land As for neat melts, the equivalence &, and E,
ClO, ions in the melt, along with other ion complexes, throughout the salt concentration range studied meant that
“tied up” residual water and methanol reducing their effect the productyD, could be used to examine the behavior of
on the melt. Second, along with attractive dipole—dipole in-the gel network modulu&, in polymer/salt solutions. Be-
teractions and those due to hydrogen bondamgyin the neat cause of the exceptional stability and smoothness of the vis-
melt), additional ion mediated intra- and interchain links be-cosity data(Fig. 8), where necessary, interpolated or extrapo-
tween portions of PEO chains stabilized the netdodduc-  lated values ofy were used to determingD, to match the
ing its susceptibility to residual water and methanol solvatiorsalt concentrations used in correspondingneasurements
effects. At the same time, linking increased the viscosity of(Fig. 9). For the most part, the increasing “jumpiness” evi-
the damping liquid component of the gel. dent in thenD, data as one proceeds from panel 2 to panel 8
Bearing in mind the variability of neat-melt determi-  of Fig. 9 can be attributed to two sources. The first source
nations, a method to determine more reliable neat-melt valwas the accumulation of uncertainty in the melt sample salt
ues ofl is illustrated in Fig. 6; extrapolation of stablg X) concentration. This uncertainty increased as small, stepwise
values to zero-salt concentratigthe cross-hatched pojnt additions of salt were made to produce the PEO/methanol
gave reproducible zero-salt results. For example, in Fig. 6solutions used in preparing a succession of melt samples for
I'(0)~25 Hz. This extrapolated value agreed well with theboth light scattering and viscometry measurements. The sec-
60 °CT result from two of several neat melt samples studiedond source of uncertainty was the reduction in the statistical
Because of this good agreement for extrapolated valués of quality of PCS ACFs and the corresponding increase in sta-
and the reasonable temperature behaviors»0f, cited tistical uncertainty inI' with increasing salt concentration
above, these two neat-melt samples were assumed to hasesing from longer and longer gel network relaxation times.
been least effected by residual moisture and solvent and wefkhis reduction in the statistical quality of the data could only
therefore selected for further study. They are illustrated in thde partially offset by increasing measurement times since
data in the first panels of Figs. 9 and 10 as the open and solithese times eventually became intractably long.

10
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Compared with neat melt results, both the magnitude othroughout the salt concentration range examined with no
n»D, and its dependence on temperature were reduced afterore than a concentration of 5 wt. % LiGJ@eeded to pro-
the addition of salfsee panels 2—8 of Fig) 97D, dropped duce them.
from about 1310 " N to about 9510 *’ N indicating Comparing the static light scattering results for the 16
that the network had become somewhat “softer” sing®, wt. % salt PEO-melt/salt solution to that of the neat melt, the
and thusG, had become smaller. In turn, the network meshstatic correlation lengtlis was observed to have increased
size became larger with the addition of salt siiigevaries  substantially upon the addition of salfg in the neat 1 K
inversely with the mesh size. In contrast to neat melt behavPEO melt and in the 16 w# 1 K PEO-melt/LiCIQ solu-
ior, there was no apparent temperature dependeng®ijrat  tion were determined to be 200 nm and 530 nm, respectively.
any salt concentration, although fluctuationszD, values  This increase is readily apparent in the significant increase in
increased somewhat with increasing salt concentration. Ineciprocal intensity plot slopes for all eight panels in Fig. 4
panels 2—8 of Fig. 99D, values fluctuated about a mean and was also apparent in the redistribution of the scattered
value of 9510 "N with a rms deviation of 29 light. For example, the scattered light intensity at higher scat-
x 10" N. Initially, the uncertainty in individual measure- tering angles,#=90°, e.g., was observed to decrease. The
ments of 7D, was estimated to be about 200 "N, a increase inés was also consistent wityD, behavior. Net-
result in reasonable accord with this rms deviation. Of thework petrification resulting from salt induced linking and
two, 29x 1017 N was taken to be perhaps the more reasonbridging resulted in the creation of melt density fluctuations
able (at least the more conservatjvestimate of the uncer- in PEO-melt/LiCIQ, solutions that were larger than those in
tainty associated with values @D, , and correspondingly it the neat melt.
was concluded that there was also no clear dependence of Upon the addition of salt, hydrodynamic screening
7D, on salt concentration. lengths,&p , increased from about 200 nm to about 280 nm

Since the linear temperature dependenceGofarises [Fig. 10, Eqg.(11)]. This increase reflects an increase in the
from the thermal worlkkgT required to stretch and displace range of influence of perturbations in the damping liquid. It
the elastic network from equilibrium during a thermal fluc- is consistent with the increase &3 associated with the pet-
tuation, it was concluded that while it had become “softer” rification of the network and with the increasesha pertur-
(7D,~G, decreased the network had also become some-bation in a more viscous damping liquid had a more ex-
what less elastic. That is, the network had at the same timeended influence on a more rigid network. Considering the
become somewhat “stiffer’(smaller D, temperature de- pattern of variation iy seen in Fig. 10, thé, appeared to
pendencg This apparent contradiction in network behavior be constant across the temperature and salt concentration
can be resolved by considering the way in which meltranges examinetthe mear¢, value was 280 nm with a rms
samples were prepared. Salt-containing PEO melts were praleviation of 27%.
duced by evaporating methanol from methanol solutions For 16 wt. % salt solutions, reciprocal intensity inter-
containing both LiCIQ and PEO. In an earlier stuthit was  cepts, 1l,, agreed with those for neat melSig. 9—except
shown that PEO coils in methanol solutions containingfor the results at temperatures too close to the melt tempera-
LiClO, were larger than those in salt-free methanol solutiongure (T=45-55°C). Close to the melt temperature, the
due to repulsive interactions between PEO/salt-ion comanomalous increase in the intensity of the scattered light was
plexes along PEO chains which had formed in salt-due to aggregation and/or incipient crystallization in the
containing solutions. Corresponding to this increase in PEQnelt. Interestingly, this behavior was not observed in the
coil size in salt-containing methanol solutions, upon theneat-melt sample. This difference in behavior between salt-
evaporation of methanol, network mesh sizes in solvent-frefree melts and salt-containing melts demonstrated that for
salt-containing melts were larger than mesh sizes in salt-freeemperatures somewhat above the melt temperature, the salt
melts. This mesh size increase upon the addition of LiG80 actually promoted aggregation and/or crystallization in the
consistent with the results of a recent neutron diffractionmelt as the melt cooled and the melt temperature was ap-
study of the same systeffiln that study it was determined proached from above.
that “... intermediate-range order is enhanced relative to the The consistency ity for higher temperature extrapola-
pure polymer by the expansion of the network on the additions both with and without saltthe mean 60—-80 °C lJ
tion of the salt.” values with and without salt were 0.0087 and 0.0089

The single-exponential character of scattered light ACFgkHz) %, respectively, with corresponding rms deviations of
from salt-containing melts demonstrated once again that ambout 10% and 5%further validated the static scattering
for neat melts, network mesh sizes remained distinctlyresults. As zero scattering angle was approached, the scat-
smaller than the wavelength of visible light; even though thetered light intensity arose from scattering by the total mass of
effect of added salt was to increase the this mesh size. Howscattering material and had become insensitive to the distri-
ever, in addition to stabilizing salt-containing melts, addi-bution of this material in the sample. Moreover, the agree-
tional intra- and interpolymer bridging and bonding alsoment between salt and no-salt intercepts for the 60-80°C
served to “petrify” the network so that it was more resistantrange demonstrated that scattering by the salt, per se, was
to thermal stretching. In summary, the presence of salt promnsignificant.
duced a melt network with a larger average mesh size that As can also be seen in Fig.(the lowest three tempera-
was more difficult to stretch. These effects, along with thetures excepted| is temperature independent, behavior con-
stabilizing effect of the added salt dh remained consistent sistent with the expectation thej~T/G, (see Ref. 1pwhen
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G,~T (as for the neat melt, Fig. 9, first pahegHowever, this In this regard, it is worth mentioning that an improved
temperature independence seems to contradict the rfgsult understanding of SPE conductivity might result from consid-
~T expected after the addition of salt becausB, , which  ering the electrode-spanning connectivity of the PEO melt
is proportional toG,, rather than varying directly witif as  network within the framework of percolation theory which
for the neat melt, exhibited little, if any, temperature depen-has already been used to describe the structure and behavior
dence(Fig. 9. The D, behavior suggests that with salt, the of certain gel systens.Note that “percolation” as used here
gel network was no longer ideal. The temperature indeperrefers to long-range, global behavior and not to the well
dence ofl; is then seen as a further consequence of networknown “dynamic bond percolation theory” used to describe
nonideality. Correspondingly, the expressigj-T/G, was  SPE conductivity and which treats fast, local behavior in
no longer valid. Perhaps some of the thermal energy of théhese SPES.

gel system was no longer available to stretch the salt-

petrified network. The petrified network was “lossy” as ther- \; coNCLUSIONS

mal energy was needed not only for network stretching, but

for other behavior as well. Consequently, less thgh was Viewed from the perspective of the wet gel model, the 1
available for network stretching, and the temperature deper PEO melt, with and without LIiCIQ, is an overdamped

dence ofG, was reduced, perhaps to the point of havingsystem with the PEO network relaxation governed by the
become negligible. viscosity of the PEO damping liquid. Increases in melt static

and dynamic correlation lengtlig and ¢ upon the addition
of salt were attributed to salt-induced linking and bridging in
IV. COMMENTS the gel network while the temperature independence of these

. . | havior i lengths, with and without salt, was attributed to the integrity
In interpreting PEO melt structure and behavior in terms, 4 stability of the network.

of the wet gel model, PEO was assumed to play two distinct By examiningzD, , the product of the gel damping lig-

roles. One role was that of a random network and the othefq \iscosity and the gel network diffusion coefficient, the
was that of an amorphous dgmplng Ilqmd. This d|v.|3|on Ofbehavior of the gel network modulu@, was investigated.
polymer structure and behavior into different roles in p°|y'SignificantIy, for neat melts3, was found to depend linearly

mer rpeltsh_had bggn madefealrlier—although thgdwetdgel Vzrdn T, and the scattered light intensity at zero forward angle,
sion for this partitioning of roles was not considered—an l,, to be independent dF, as for an ideal network.

important issues such as system equilibrium and metastabil- However, the addition of salt reduc&] and reduced or
ity were appreciated and considered in some détaflhe eliminated its temperature dependence altogether while

posmon ta_ken here is that in the PEO melt, the_ two_sta_ltes, Yemained independent of temperature, as for the neat melt,
configurations, network and amorphous damping liquid, co-

isted in th d . iibri h q q illustrating the nonideal behavior of the salt-petrified net-
existed in thermodynamic equilibrium. In other words, under, . ‘\oreover, the addition of salt resulted in a gel network

the conditions studied, molten PEO was a liquid polymorph iy, 5 |arger average mesh size than that of the neat melt, a

(liquid bimorph). consisting (_Jf two coexisting states. _Of the network more difficult to stretch whose dynamic behavior
same composition but differing structures and densities. Thﬁ/as governed by a gel damping liquid of higher viscosity.
existence of liquid polymorphs is well establishee Ref.

21, and references thergitMoreover, the fact that light scat-
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