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An investigation of a sol-gel /melt transition:
The poly (ethylene oxide )/methanol /LiCIO , system
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The crossover behavior of 50 000 molar mass ailyylene oxidgmethanol solutions from dilute
solution to the melt/gel was examined. At first this behavior was investigated without L &@i®

then reexamined with LICIQ To better understand this behavior, the dependencies of dynamic
light scattering(specifically, photon correlation spectroscbpyeasurement results on polymer
concentration, on the scattering wave vector and on temperature, and the dependence of static light
scattering results on the scattering wave vector were studied. This study produced interesting and
important results about network structure and behavior in(pttylene oxidgsolutions and melts
generally and about the effects of LIGJ©On this structure and behavior more particularly. 2004
American Institute of Physics[DOI: 10.1063/1.1697386

|. INTRODUCTION AND BACKGROUND polymer concentrations exceeding*, interpenetrating
chains result in physical chain crossingentact-point junc-
The behavior of polymer solutions over a broad polymertions) creating a temporary, fluctuating, physical polymer
concentration range has been extensively studied using a vaetwork®® Shorter-ranged dynamic behavior termed “coop-
riety of experimental methods including scattering tech-erative diffusion” is observed for this network and is associ-
niques. These techniques have included static light scatteated with the diffusive relaxation of chain segments between
ing, “SLS,” the dynamic light scattering techniques of network contact-point junctions. The length corresponding to
photon correlation spectroscopy, “PCS,” Brillouin scatter- this relaxation is a measure of the network “mesh size”
ing, and Raman scattering; depolarized Rayleigh scatteringharacterized as the average distance between network
small-angle neutron scattering, “SANS,” and small angle contact-point junctions. This faster, short-ranged behavior
x-ray scattering, “SAXS” (see Refs. 1-3 In the present may be accompanied by slower, long-ranged network relax-
work, SLS and PCS were used to study the crossover behagtions. The disintegration and subsequent formation of the
ior from dilute polymer solution to the polymer melt—gel of network, or “network renewal,” is an example of a particu-
the linear, flexible polymer polgthylene oxide (PEO in  |arly slow dynamic process. It is important to recognize that
methanol, with and without LIiCIQ. For the most part, PCS  for temporaryphysical networks of the kind considered here,
measurements were employed and these light scattering rye absence of permanent network heterogeneities such as
sults are emphasized here. “bundles,” “knots,” etc. eliminates troublesome experimen-
PCS has been widely used for investigating polymer dy+4 difficulties such as excess light scattering at low scatter-
namics in solution as well as in the melt because it is gng angles, structural and dynamic irreversibilities, and
noninvasive technique that accesses a broad dynamic behayymple nonergodicity—difficulties oftentimes encountered in
iOI’ tlme WindOW, ViZ., :|.07—:|.O3 S. In earlier PCS Studié_s7 Studying permanent Chemical netwoms'
of dilute polymer solutions where the effects of polymer  This network interpretation of semidilute solution dy-
chain overlap were manifest, i.e., for “semi-dilute” polymer namic behavior is supported by PCS, SANS, and osmotic
solutions, relaxation modes in scattered light autocorrelationg,ressure measurements. For example, these techniques have
functions(ACF9) from concentration fluctuations associated shown that once networks have formed in semidilute sys-
with temporary, physical polymer networks in solution weretems, the osmotic pressure and the correlation length of the
observed. The crossover from individual chain behavior in &gncentration fluctuation are independent of the molar mass
dilute solution to collective chairfnetwork behavior oc-  of the polymer! In addition, shear viscoelastic measure-
curred in the vicinity of the chain overlap concentrati  ments have shown that semidilute solutions behave as vis-
the concentration for which the polymer-segment concentragpelastic systems, i.e., as elastic gels at sufficiently short
tion in solution had become equal to the average valugmes and as viscous fluids at longer tinfést*
within individual polymer coils. o In the present work, the scaling theory of semidilute,
In a good solventc* ~N/R® with the coil sizeR (usu- o0 solvent solutiort& provides a reasonable description of
ally taken to be the coil gyration radiugy) varying with the  jmportant features of PEO solution behavior not only for
number of polymer segments as R~N%° so thatc* de-  gemjdilute polymer solutions, but for considerably more con-
creases with an increasing segment numbeNa&®. For centrated solutions as well.
In the scaling treatment, polymer chains are assumed to
dElectronic mail: selser@physics.unlv.edu be infinitely long, perfectly flexible strands having negligible
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thickness. Moreover, chains are chemically inert and tempowith g the scattering wave vectdr=4mny/\qsin(6/2),
rary networks form as chains cross each other but cannatith 6 the scattering angley, the solvent refractive index,
pass through one another, thus producing contact-point jun@nd\, the vacuum wavelength of the exciting liglaind was
tions. However, and very significantly, in the present studytherefore identified with cooperativ@etwork) diffusion, an
network contact-point junctions are accompanied by PEQnterpretation of the slower mode was not so
network tie points i.e., by temporary physical associations straightforward->?*?>The ACF slow mode decay rates gen-
resulting principally from intra- and interpolymer dipole— erally varied agy* with 2<x<3. For slowdiffusivemodes,
dipole interactions. These tie points are present not only imdiffusion coefficients were determined to be smaller than
semidilute PEO solutions, but persist in more concentratethose of the fast mode by an order of magnitude, or more.
solutions and in melts, as wefi~*® Occasionally, this slow behavior was ascribed to the diffu-
Briefly, the semidilute solution scaling treatment positssion in  solution of polymer “aggregates” or
the existence of a screening lengifof size comparable to  “clusters.” 1>?223Moreover, an especially slow network re-
the polymer network mesh size such that monomers havingewal mode predicted to lpindependent was occasionally
an average separation less than this length experience eseported®?°For the long-ranged ACF mode observed in the
cluded volume interactions while interactions betweenpresent studyx=2 so this slower relaxation was attributed
monomers having greater separations are “screened outtd a second diffusive mode—namely to a long-ranged, coop-
This screening length defines a region along the chain knowarative, diffusive relaxation of the polymer network in solu-
as a “blob.” Inside blobs, excluded volume behavior obtainstion.
whereas for larger distances it is screened out and ideal be- Presented here are the results of a light scattering study
havior prevails. To handle the effects of increasing polymer-of the evolution, with increasing PEO and LiCJ@oncen-
polymer contacts with an increasing polymer concentratiorirations, of dilute PEO/methanol/LiCJO solutions. This
(or with changing temperaturethe concept of “thermal work is part of an ongoing investigation of the structure and
blobs” is introduced. The characteristic size of the thermaldynamic behavior of PEO-melt/salt solutiolisé By scru-
blob, &, depends both on polymer concentration and temiinizing the scattering wave vector, concentration, and tem-
perature. Specifically¢,~a(a® v) with a® the chain mono- perature dependencies of fast and slow PCS ACF relaxation
mer volume andv the excluded volume parameter, modes, the dynamic behavior of PEO in dilute and more
=a3(1-2y).>® In a good solvent, the Flory—Huggins pa- concentrated methanol solutions, with and without LigIO
rametery is small sov~a3, £~a, andé>¢,. In amarginal  up to and including the melt limit, was studied. SLS results
solvent, y approaches 1/2)(= 1/2 for a theta solvehtso ¢  provided important additional information about system evo-
<¢; with the relative growth ing; with increasing polymer lution. In particular, exponents extracted from power-law fits
concentration in semidilute solution tracking the crossoveto the dependence of the scattered light intenkioy q for

from good solvent behavior to poor solvent behavior. increasing polymer concentration revealed that the PEO melt
The dependence of the screening lengtbn polymer  gel, with or without salt, is a percolation system.
concentrationc is é~c~ "~ and in good solvent¢ In the present study, a custom synthesized methyl-

~c 975 for v=0.61° Because the lengths probed in light capped polymer standard having a molar mass distinctly
scattering measurements were much greater thatirect above the criticalrheological value for entanglement was
measurements of using SLS were not possible. However, employed. Then comparisons were made between the results
hydrodynamiccorrelation lengths, of the same order a8  of this study and those from earlier light scattering studies of
were determined from PCS cooperative diffusion coefficientanother custom synthesized methyl-capped PEO standard
measurements (see below. Here, the polymer concentra- having a molar mass distinctly below the critical entangle-
tion dependence of, was determined to b&,~c %3  ment value®
Since the exponent describing the dependencé,ain the Along with binary PEO/methanol solutions, the behavior
number of chain segmenkéfor chains in good solvents has of PEO/methanol solutions containing the salt Li¢I@as
generally been found to be somewhat smaller than 0.hvestigated. As explained in detail in earlier repdftst®
(methanol is a good solvent for PEO at 30 °C and0.57), studies of salt-containing solutions and melts were under-
from the relationé~c ™"~ 1) it might be expected that the taken in part to provide insights into the mechanisms of ion
exponent describing the dependencépis somewhat larger transport in “solid” polymer electrolytes, or “SPES,” a topic
in magnitude than 0.75. Nevertheless, the value of 0.73 obef great continuing interest in the development of state-of-
served herdwith an uncertainty of 0.02is quite consistent the-art polymer batteries. Of particular interest here are SPEs
with the summary of Brown and co-worker$?° who re-  based on the “warm, dry” SPE concept using lithium salts in
ported &,~c~ %70 for solutions of several linear, flexible molten PEO.
polymers in good solvent. The results of earlier light scattering studfes® focus-

The literature also reveals that oftentimes in PCS studiegg on unentangled 1000 molar mass PEO m#ferred to
of nondilute polymer solutions, more than one ACF relax-here as “1K” PEO melts were interpreted in terms of a
ation was detected. In particulawo such relaxation modes, “wet gel” model. In this model, the behavior of PEO-melt/
a rapidly relaxing “fast” mode and a slowly relaxing “slow” LiCIO, solutions was attributed to a random, elastic, physi-
mode, were often detected with the slower of the two modesal polymer network immersed in a viscous damping liquid.
not predicted by standard scaling treatments. While the refhe present work was prompted, in part, by a preliminary
laxation rate of the faster mode was observed to vargas look at 50 000 molar mag450K” ) PEO/methanol solutions
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at successively higher polymer concentrations carried out daboratory conditions can be contaminated by moisture. This
part of an earlier investigatiol?.In the earlier study, a dis- contamination changes important sample properties of inter-
tinct change in the PCS ACF relaxation mode structure wasgst in uncontrollable ways. Keeping samples in the extremely
observed as the polymer concentration increased from théry environment of the glove box ensures the prevention of
dilute solution to the melt. This observation suggested that #his contamination and its undesirable effects.

more detailed study, i.e., the present study, could provide

important new insights into the behavior of high molar masss. pCS measurements

interactive polymers, such as 50K PEO, in solution and in . : . . .

the melt, both with and without LICIQ The validity of this PEO/methanol/LICIQ solutions were illuminated using
suggestion has been borne out since, for example, it waté1e 514.5 nm emission of an argon-ion Iaé@oherent, Palo
discovered that the onset of the network formation for PEOA‘ItO' CA). Scattered light was detected using an automated

chains in moderately concentrated and concentrated methggniomgter incorporating post-sample detgction optics and
nol solutions was clearly affected by the amount of LiGIO electronics(Brookhaven Instruments, Holtsville, NYvith a

present in solution. BI-9000 multi-decadic digital co'rrelalthBropkhaven Instru-_
mentg used to form scattered light intensity autocorrelation
functions. For all measurements, the sample cell assembly

Il. EXPERIMENT was thermostatted maintaining sample temperatures within

0.1°C of set values. The methanol/LiC|®olution refractive

index and viscosity values at appropriate temperatures and

PEO with a molar mass of 50600 and a narrow molarsa|t concentrations were calculated based on earlier, in-house

mass distribution ¥1\,/My=1.05) was custom synthesized measurements of the LiClroncentration dependencies for

by Polymer SourcéDopval, Canada To avoid complicating  hoth parameters made over a salt concentration range includ-

behavior in solution associated with PEO chain hydrOXyl enqng those used in the present Study_ For examp|e, for tem-

groups, chains were capped with methyl groups. Based Oferatures above 30 °C, neat methanol viscosities were first

rheological measurements, the critical value for the entanglegither taken directly or computed from tabulated data.

ment molar mass in PEO melts is about 3508fter receipt  Then, noting that LiCIQ dissolved immediately in methanol

from a Polymer Source, additional PEO purification was carat 30°C and at higher temperatures, the viscosity increase

ried out as described earltérand the final solution prepara- due to added salt was calculated assuming that at higher

tion conducted in a stainless steel glove bdabconco, temperatures, viscosities increased in the same proportion as

Kansas City, MOfilled with purified and dried nitrogen. The at 30°C.

moisture level in the box was maintained below 10 ppm V' The scattered light intensity time autocorrelation func-

(ten parts per million, by volumeAnhydrous lithium per-  tion, G®)(t)=(1(0)I(t)), was measured in the scattering

chlorate received from Fluka A@uchs, Switzerlandwas  angle range 30% §<130° for each solution at different PEO

further dried in a dessicator under vacuum before beingind salt concentrations.is the instantaneous value of the

placed into the glove box. PEO/methanol/LiGl®olutions  measured scattered light intensity anthe ACF time-shift

(anhydrous methanol, J. T. Baker, Phillipsburg,) Nere  yariable. To get a feeling for the range of scattering wave

made up in light scattering cuvettes having the desired saltfectors employed in these measurements, for salt-free solu-

polymer ratio starting with a solution PEO concentration oftjons, 30%< #<130° corresponds to g range of 8.4 10"

6.6 (one casgor 6.8 weight percent. Samples with differing <g<2.9x10° cm™1,

polymer concentrations but having the same salt/polymer ra-

tio were produced by methanol evaporation from each suchk pcs measurement analyses

solution using heat and vacuum. Throughout this work,

sample salt concentrations are expressed in terms of the salt G'®)(t) is related to the normalized scattered field auto-

weight fraction,X. During methanol evaporation from light correlation functiorg®)(t) via the Siegert relatioff

scattermg_cuvettes_, the solution tempgrature and vacuum G@(t)=B[1+alg®(1)|?], 1)

were continuously increased from ambient values to 68 °C

and 23 in.(58 cm of mercury, respectively. The progress of with B, the measured intensity autocorrelation function base-

methanol evaporation from PEO/methanol solutions wadine, anda an experimental constant determined by the col-

then monitored via successive measurements of the absolugetion efficiency of the detection optics.

weight of the sample in the glove box. For light scattering For a continuous distribution of autocorrelation function

measurements, sample solutions were filtered through.0.2 relaxations described by the distribution functie(l’), with

pore size Teflon membrane filteflilllipore, Bedford, MA)  corresponding relaxation ratés™

directly into dust-free 5 mm square spectrofluorometer cu- o

vettes (Starna, Atascadero, GASample cells were sealed |g(1)(t)|=f w(T)e "dr, 2

under dry nitrogen and then removed from the glove box for 0

measurement. After measurement, cells were returned to thend thew(I") were extracted fromig™®)(t)| via Laplace in-

protected environment of the glove box. Though it occursversion using the well-known programonTin.® Alterna-

only rarely, slow leaks have developed, even in sealedively, once it had been established thgt)(t)| could be

samples. Given the propensity of PEO to absorb water, everepresented as one or two exponential or quasiexponential

slightly leaky samples exposed for long periods to ambientelaxation functions, scattered light intensity autocorrelation

A. Materials and sample preparation
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FIG. 1. Reduced intensity autocorrelation functions from measuremertts @0 °C andT=65 °C, illustrating the effects of polymer concentrati@6,
6.8—100 wt.% on 50 K PEO/methanol/LiClQsolutions at four salt concentratiofpX=0.05, 0.10, 0.15 and 0.208)—(d), respectively.

functions were mostly analyzed using a “double lll. RESULTS AND DISCUSSION

Kohlrausch—-Willams—Watis,"  or  “double KWW The crossover behavior of 50 K PEO/methanol solutions

i p 31
function: from the dilute solution to the melt gel was examined. At
[GP(t)— B]/B:[Afe(—Fft)Bf+Ase(—Fst)BSJZ first th|§ beha\(lor was investigated without L|QIQnd then
reexamined with LiCIQ. To better understand this behavior,
=algM(1)|?, (3)  the dependencies of PCS measurement results on polymer

concentration, on the scattering wave vector and on tempera-
ture, and the dependence of SLS results on the scattering
wave vector were studied.

with A; and Ag the amplitudes of the observed “fast” and
“slow” |g®)(t)| relaxation modes and the corresponding
values of 8, 0= B=<1, characterizing the nonexponentiality

f h mode. F le. fer—1 th laxation is sindl The role of the polymer chain size in network formation
oteach mode. For example, pr= € refaxalion IS SiNg'€ s seen in the contrast between 50K PEO behavior observed
exponential while slightly smaller values correspond to

guasiexponential relaxations due to a somewhat broader dih_ere and _that observed eatlier for 1K PEO/m.ethan.oI solu-
tribution of relaxations tions. While netwotk behavior was already eyldent in salt-

For diffusive relaxetionsl“ is related to the associated free SO0K PEO. solutions for polymer concentratlons as low as
diffusion coefficientD asI"'=Dgq?. When the sample solu- about 20 weight percent—e value correspondlng approxi-
o . S . mately to the calculated chain overlap concentratibr-1K
tion is dilute, the diffusion coefficient representing the

. ) - PEO network formation was not evident, even in highly con-
center-of-mass translational motion of PEO coils of hydro gnty

. . X . X . . “centrated solutions and appeared ultimately only in
dynamic radiusR;, in a medium of viscosityy, is denoted by PP y y

melts1®~*® Even then, 1K PEO melt networks were readily
D and the isolated coil diffusion coefficiebx, related toR, : S
. . . . ; destroyed simply by adding a droplet of methanol to a melt
via the Stokes—Einstein expressi@y=kgT/67 79R},, with y 'mpy by ng P

k. the Boltzmann constant arfthe absolute temperature sample. Chain interpenetration, even in relattvely dilute .50K

B . P " PEO/methanol solutions, meant that along with contact junc-
For semidilute and more concentrated PEO solutions studie, bons, inter- and intrachain “tie points” promoted network
here, the diffusion coefficients of the fast and slow networkformetion. These tie points, due principally to intra- and in-
modes are denoted by and Dy, respectively, withD¢, y

. . terchain PEO dipole—dipole interactions, played especially
- 2 }
I_DS_Ff’ I's/q”. Dy is then related to the dynamic correta important roles in the formation of 50K PEO networks, not
tion length&,,, a measure of the polymer network mesh size

; ; ; ; -18

via the Stokes—Einstein expressibn=kgT/67 70&,. Note only in salution, but also in the meif.

that the factor of & in the denominator is not to be taken too A. PEO/methanol solutions without salt

literally: it is included as a “convenient reminder of the simi- ]

larity (of the expressionwith Stoke’s law for the viscous <+ Polymer concentration dependence

motion of a sphere.® By way of referenceD; is also writ- A smooth evolution in the mode structure of scattered

ten asD. because it reflects the cooperative diffusive relax-light autocorrelation functions with an increasing PEO con-

ation of the polymer network at the network mesh level andcentration in 50K PEO/methanol solutions from one mode to
the corresponding relaxation is sometimes referred to as thevo modes and then back to one mode was clearly evident
“gel mode.”® (Figs. 1 and 2 This evolution revealed two crossovers: one
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Lo FIG. 3. Polymer and salt concentration dependencies of the fast mode re-
Copo= 494 wt% laxation ratel’; in 50 K PEO/methanol/LiCl@solutions withd=90 °C and
05 T=65°C.
0.0 3
10 oo wi The concentration dependencelgfis shown in Fig. 3.
= 0 . .
o5 PO ] In the one-mode region below about 20 weight percent poly-
' mer, I'; exhibited the expected linear increase with polymer
00 concentration. In the two-mode regidn increased steadily
-6 -5 -4 -3 -2 -1 0 until the fast network mode was no longer resolvable for
log [7] PEO concentrations greater than about 60 weight percent. As

I'; increased, the network mesh size decreased while the
and slow modes-one (slow) mode evolution in the ACF mode structure density of network crossing Jun(.;tlons an.d tie points in-
with increasing PEO concentration in a salt-free solution. H&red0 °C creased so that network fluctuation amplitudes decreased.
andT=65°C. When fluctuation amplitudes had become sufficiently small,

the fast mode became undetectalflg. 2). In PCS measure-

ments, the system then appeared to be a viscoelastic con-
from dilute solution behavior to semidilute solution network tinuum exhibiting a single, slow relaxation mode much as
behavior and the second from semidilute solution networkpolyacrylamide hydrogels and 1K PEO melt gels exhibited
behavior to melt-gel behavior. Throughout this evolution,in earlier PCS studie¥ 1834
ACF mode structures retained their exponential forms. For  In the two-mode region, fast ACF relaxations with relax-
example, a change from power-law ACFs to exponentiahtion constantd’; were attributed to diffusive motions of
ACFs, such as that heralding the sol/gel transition observedhain segments between network contact junctions and tie
earlier for aqueous solutions of silica microsphefeSwas  points. FromI'; values, network characteristic lenggh of
not observed. Instead, a single-exponential ACF relaxatiomagnitude comparable to the network mesh sizevere
mode was observed for dilute solutions and for melts whilecomputed, £,=kgTg?/67 70I's . As discussed above, the in-
two single-exponential modes were observed for semidilutgrease inl¢ with increasing polymer concentration and the
and more concentrated solutions. While the single diffusivecorresponding power-law decrease #, (Fig. 4), &,
ACF mode observed for dilute solutions resulted from scat—~c %73 are reasonable. Given the uncertainties in the data,
tering from coil concentration fluctuations—with relatively
weak interactions between coils—in more concentrated solu-
tions, boththe fast and slow diffusive ACF relaxation modes
were attributed to network dynamics associated with shorter-
and longer-ranged behaviors, respectively. The disappear-
ance of the fast diffusive mode with increasing polymer con-
centration revealed that the slow diffusive ACF mode ob-
served in semidilute 50K PEO/methanol solutions became
the single diffusive mode observed in 50K PEO melts.
CONTIN fits for two-mode ACFs revealed distinct fast
and slow modes with a wide separation in relaxation rates
thus permitting reliable two-mode fits to the ddfg. 2).
Double-KWW fits to the data produced results in good e - Lt
; : 20 40 60 80 100
agreement with those froncONTIN, particularly for salt- c %]
containing systems with higher PEO concentrati¢fsble veo (W%
l). Earlier, double-KWW fI'FS were used extensively J_[O ana-gig g, Polymer and salt concentration dependencies of the network mesh
lyze results from PCS studies of PEO/methanol solutions angize parameteg, derived fromr’; in 50 K PEO/methanol/LiCIQ solutions
PEO meltst®-18 with §=90 °C andT=65 °C.

FIG. 2. conTIN analyses results illustrating the offast mode—two (fast

&h - C-0.73 +0.02
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*
L)
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FIG. 6. Map of ACF mode evolution with an increasing PEO concentration
FIG. 5. Polymer and salt concentration dependencies of the slow modi 50 K PEO/methanol/LiCIQ solutions as tracked by the mode amplitude

relaxation ratel’ in 50 K PEO/methanol/LiCIQ solutions withg=90°C  ratio As/(As+As) (#=90°C andT=65°C).
andT=65°C.

lective behaviofnetwork behaviorin more concentrated so-

no clear trend with the changing salt concentration in théut!ons. For eﬁan;ple, tho's crossover OCﬁurs for salt-frefe SO
behavior of the slopes is evident in Fig. 4. Consequently, théutlops: around 0 wt.%. HOWGV‘?“ the crossover rom
value of the exponent with its uncertainty0.73+ 0.02, rep- semidilute solution network behavior to melt-gel behavior

resents an average of the fit exponents for the five salt corl®" Salt-iTée solutions was not as clearly defined. Conserva-

centrations examined. tively, this second crossover occurred only for polymer con-
The disappearance of the ACF fast mode and the persig-entrat'onj at or Iclose to 100 \(/jvt+%|gsa2 ?;I‘d & .

tence of the ACF slow mode with increasing polymer con- Bt and Bs values extracted from double-KWW fits to

centration in solution demonstrated that the slow networ”CS ACFS provided a measure of the mode widths associ-

mode, first appearing for semidilute solutions, ultimately be-2t€d With I’y and I's in the two-mode region. Values g8
=1 reflected narrow widths, i.e. single-exponential relax-

came the single mode observed for concentrated solutions

and melts. This evolution can be seen clearly in Fig. 5, whergtions. However, the simultaneous extractionfyfand Ss

a steady decrease Iy with increasing polymer concentra- yalues for two-mode ACFS via double-KWW fit; inevitably
tion, including its approach to the melt value, is illustrated.Ntroduced a spread in these values. Not surprisingly, for a
Over the polymer concentration range 28 wt.% to the meltJ\Ven mode, estimates of improved and/ values ap-

I'. dropped 100-fold from 445 to 4.5 Hz. Aboee. 60 Wt.% proached 1 when that mode became dqmmant in scgttered
polymer, T's had more-or-less leveled off as the melt was!!9Nt ACFs. For example, for two-mode fits, bettgy esti-

approached though in the melt the effect of the saltign Mates having values:1 were evident somewhat aboeg
was particularly evidentFig. 5, inset. while corresponding8, values were below 1, whereas above

As for 1K PEO melts studied earliéf static correlation @P0ut @ 70 wt.% polymer, with the slow mode clearly domi-
lengths £ were extracted from static light scattering mea-nant. B values fell below ,1 and theg;=1 (F'g: 7). Both
surements of PEO solutions using the Ornstein—Zernike e%—he fast and slow mo‘.’es in the two-mode region were gen-
pression. However, because of the large magnitude&; of erally narrow, as confirmed byonTIN analysegFig. 2).
values resulting from these fits, the conditiggz<1 was .
generally not satisfied and the static light scattering result§: Scattering wave vector dependence

provide, at best, rough approximations &f. Nonetheless, A study of the wave vector dependencieslgfand I’
these results provide useful information about the behaviorevealed thaboth exhibitedg? dependence so that both the
of long-ranged PEO relaxations. fast and slow network relaxation modes were diffusivigs.

From Ornstein—Zernike fits to salt-free solution da@, 8 and 9. The g? dependence of ; for both semidilute and
increased steadily from 148 to 500 nm as the PEO concereoncentrated solutions is consistent with melt behavior since
tration increased from 25 wt.% to the melt. Despite the adl’g was determined to be the single “surviving” diffusive
mittedly crude estimates af used, this trend is reasonable mode observed in 50K PEO melts.
and consistent with increases in network contact-junction A polymer melt gel, such as the 100 wt.% PEO system
and tie-point densities. studied here, is a self-similar fractal system. At all length

The concentration dependence of the relative contribuscales probedthe probe length in a scattering measurement
tion of fast and slow ACF modes, expressed in the behaviovaries as 1f), the structure of the system is the same. Since
of the mode amplitude ratiAs/(A¢s+As) derived from there is no characteristic length in such a system, the power-
double-KWW fits(Fig. 6), both illuminates and confirms the law dependence of the scattered intensity on the scattering
crossover behavior of the PEO/methanol/Li¢kKystem. The wave vector is observed. Another example of a fractal system
sigmoidal shape of these plots illustrates the crossover firgs the polymer coil in dilute solution. When probing thre
from coil individual behavior in dilute solution to coil col- ternal structure of this coil, the scattering structure factor
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FIG. 7. Polymer and salt concentration dependencies of the fast and slow 0 2 4 6 8 1'0

mode width parameter8; and B in 50 K PEO/methanol/LiClQ solutions

with =90 °C andT=65 °C.

S(q), which is a measure of the number of monomers in
volume of size 1d, decays withg asS(q) ~c/q®. Herec is
the monomer density in the scattering volume dpd 1/v is

qz B 0'° Cm'2]

FIG. 9. The scattering wave vector dependence of the slow mode relaxation

éate,Fs:Fs(q), for 50 K PEO/methanol/LiCl@solutions for four polymer

concentrations at each of three salt concentratidns65 °C. Note that
althoughl' vs q slope magnitudes for neat melts are relatively small, they
are not zero, and, in facE,s~q? and theapparent gindependence df ; is

the fractal exponent that reflects the spatial distribution ofn artifact due to the scale used for the plot ordinate.
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monomers in that voluméecall that the overall size of the
coil depends onN as R~N"). Since I(q)~S(q), |
~cq %. Thus for a givenc, d; can be extracted from
power-law fits tol (q) versusg. In the static light scattering
measurement results reported here, the monomer number and
monomer distribution in a volume of sizeqlinside PEO
networks in semidilute solutions and in the melt were
probed. At a given polymer concentration, i.e., for a given
monomer densityc, we observedS(q)~q % for this sys-
tem. In the PEO melt gel, we found;=2, the expected
result, since in the melt the monomer distribution corre-
sponded to that of the ideal coil. Significantly, a value of
d;=2 demonstrated that the PEO melt gel is a percolation
system. This was expected since gels are examples of perco-
lation systems® A confirmation of the percolation nature of

a polymer melt using scattering was first accomplished ex-
perimentally by Adamet al., who foundd;=1.98 (in their
notationd; is referred to ag) while examining the develop-
ment of polyurethane melts using small-angle neutron
scattering®> However, in contrast to the PEO behavior pre-
sented here, in the SANS study a well-defined sol/gel transi-
tion was observed as branched polyurethane chains first

0 2 4 6 8 10 12 formed clusters in solution and then coalesced into a melt gel
2 1010 2 at a critical cluster concentration. With increasing polymer
q [ cm] concentration in semidilute PEO solutions,increased from

FIG. 8. The scattering wave vector dependence of the fast mode relaxatio% value somewhat greater than 1 to the final, melt-gel value

rate,[';=1"¢(q), for 50 K PEO/methanol/LiCl@Qsolutions for four polymer

concentrations at each of three salt concentratidrs65 °C.

of 2. In this sense it can be said that by following increases
in d¢, the evolution of the system from semidilute to the
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FIG. 10. Power-law plots of the scattering wave vector dependencies of the scattered light inteniqi), for six salt-free polymer concentrations,
including the meltT=65 °C.

melt gel was “monitored.” However, though changesdn  cessitated surmounting increasingly higher-energy barriers.
can be said generally to relate to monomer number and diddowever,E} increased at a rate roughly double thatEcg
tribution in the sample, no quantitative interpretation of thesgcompare Figs. 12 and 130 the rate of increase for energy
intermediated; values is available. barrier heights for “mesh scale” diffusive relaxations was
The evolution from single-coil behavior in dilute solu- about half that for longer-ranged relaxations. This difference
tion to the consolidation of the PEO network as the melt gereflects differences in the effects of changing environments
at 100 wt.% polymer links microscopic, chain-level behaviorwith increasing polymer concentration on fast and slow re-
with macroscopic, bulk gel behavior. It has a particular rel-laxations. As mesh-scale fluctuation amplitudes gpdie-
evance for battery technology because it demonstrates thateased, crossing junction and tie point densities increased.
PEO networks in highly concentrated solutions and meltdncreasingly constrained but nonetheless coordinated mesh-
constitute an interconnected electrolyte medium with a veryscale fluctuations required increasing thermal energy. These
large number of polymer chain pathways spanning thelensity increases also fostered the growth of longer-ranged
electrode-to-electrode space, thereby providing multiple
pathways for(lithium) ion transport between battery elec-
trodes(Fig. 10. E- T T '; 'x'=;)(;ol
The development of the PEO melt gel as monitored by i ® X=005
d; also illustrates a potential problem. The solvent addition
to electrolyte melts and concentrated solutions to “plasti- N
cize” them in an effort to increase chain mobility and =
thereby enhance ion transport may actually reduce transport e
by reducing the number of electrolyte spanning polymer con-
nections.

(3%
>
—_
=

E{ = 18.2 kJ/mol ]

100k Cpp =45 Wit E; = 16.8 ki/mol |

3. Temperature dependence
In the two-mode region, botH'; and I'g exhibited

o E; = 18.6 kJ/mol |
; ; fs . A 10° \.\.\'\l\l.\._\ 3
Arrhenius behaviol'; .~e~ 50 /RT with Ef® the activation E ]

F [
energy for fast/slow network diffusive relaxations, respec- - | \'\’\‘\,\.\‘\.\r
tively (Fig. 11). The transition around 20 wt.% polymer from [ i
dilute solution one-mode behavior to collective network two- ES = 18.9 kJ/mol }
mode behavior observed earlier is also apparent in the P TPV RPN R PR
change in the concentration behaviorigf (Fig. 12. For the 28 29 30 3 _?'1 32
rangeca. 20—40 wt.%,EL, andE} increased somewhat. As UTI0°K ]

; . o
the polymer concentration increased above about 40 wi. /?JIG. 11. Arrhenius plots of’; and I'g for 50 K PEO/methanol/LiCIQ

f s ; ;
b_Oth I_ED and ED_ increased more rapidly V\_”tlﬁ:PEO as the  solutions with and without salt at a polymer concentratioraf45 wt.%.
diffusive relaxation of collective network displacements ne-Here 6=90°.

T [Hz]
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T ' ' essentially single-chain behavior to cooperative network be-
havior shifted to increasingly higher polymer concentrations
v° ] as the salt concentration increased. It had been established in
g earlier light scattering studig®®’ that the addition of LiCIQ
201 et 7 to dilute PEO/methanol solutions resulted in PEO/salt-ion
vy ,P' complex-producing repulsive interactions both within and
between chains. Consequences included coil swelling and
0l | “salting in” behavior. Furthermore, network swelling in PEO
X=000 melts had also been observed in neutron scatt&tiagd
X=010 | light scattering® studies, and this swelling was also attrib-
X=020 uted to repulsive interactions between PEO/salt complexes.
00 2'0 4'0 ’ 6'0 ' 8'0 100 Here, repulsive interactigns due to salt/pqumer complexing
C. [wt%] retarded network formation so that for a given polymer con-
PEO centration, the one-mode to two-mode crossover occurred
FIG. 12. Polymer and salt concentration dependencies for 50 K PEOmore readily at lower salt concentrations. Nonetheless, re-
methanol/LiCIQ solutions of the fast mode activation energfs derived  gardless of salt concentration, for sufficiently high polymer
from Arrhenius plots of'; . The dashed lines serve as a guide for the eye.concentrationS, network consolidation with crossovers from
two modes to one mode took place at about the same rate.
This suggests that for higher polymer concentrations, attrac-
éilye dipole—dipole interactions, assisted by salt bridging
within and between PEO chains, had overcome repulsive in-
teractions. Salt bridging refers to intra- and interpolymer
physical connections mediated by ions in solutions and
_ melts. For example, L'i ions connect, or bridge, PEO chains
1. Polymer concentration dependence in the melt by coordinating PEO backbone oxygéhs.

The general nature of the progression in scattered light For increasing polymer concentration in the approximate
ACF mode structures from one mode to two modes and therange 20—60 wt.% polymel;; increased for all salt concen-
back to one mode in scattered light ACF mode structures ditrations though at higher salt concentrations bbthvalues
not change with the addition of LIClJFigs. Ab)-1(d)]. As  and the rate of increase Ii; with increasing polymer con-
for salt-free measurements, ACF analyses were based mosttgntration decreasdéFig. 3). Correspondingly, in this range
on double-KWW fits. However, as seen in the behavior ofg,, exhibited a power-law decrease with an exponent inde-
the mode amplitude ratids/(A¢+ Ag), upon the addition of pendent of salt concentratidirig. 4). Thus, up to about 60
salt, the crossover from one mode to two modes occurringvt.% polymer, the addition of salt did not change traure
around 20 wt.% polymer in salt-free solutions shifted to aof the system’s local dynamic behavior in the two-mode re-
higher polymer concentratioffrig. 6). As the salt concentra- gion and the semidilute solution network picture used earlier
tion increased, the onset of network formation occurred ato interpret salt-free results, even for higher polymer concen-
increasingly higher polymer concentrations. This shift in thetrations remained valid. Howeve#, magnitudesincreased
crossover point did not shiit* sincec* is defined as the with increasing salt concentration, ahg decreased accord-
average coil segment density in dilute, salt-free solutionsingly. This increase in network mesh size with increasing
Nonetheless, it is clear from Fig. 6 that the crossover from_iClO, concentration is consistent with network swelling re-
ported earlier in neutron scattering and light scattering stud-
ies of salt-containing PEO melt&2°As before, this swelling

301

[kJ/mol]

E,

|
"
Y

4reon

fluctuations &7 increasefl whose continued coordination
over larger and larger distances required increasingly great
thermal energy than those for mesh-scale behavior.

B. PEO/methanol solutions with salt

50 . xl=060 ' ' ' ' was attributed to repulsive interactions between PEO/salt
o X=005 * ! complexes.
6o | o =02 I i i Above about 60 wt.% polymer, system behavior
=) * X=020 2 i | changed; instead of increasirg; decreased with increasing
g v polymer concentration, the higher the salt concentration the
:i 401 ’// . greater the effedfFig. 3). An examination of the ACF mode
oA ¢ | structure at the highest salt concentratifig. 14, Table )
M T e confirmed that this decrease was real and not, for example,
201 A ex’ T an artifact associated with difficulties in resolving the weak
o fast ACF mode in the presence of the strong slow mode. This
turnaround in the behavior df; can be explained by the
U — 20 %0 0100 competition between effects resulting from increasing poly-
C. [wit%] mer .concen.tranon—whlch red_uced the network r’r_1esh size—
PEO and increasing salt concentration, which acted to increase the

. N i
FIG. 13. Polymer and salt concentration dependencies for 50 K PEOynESh size. Up "[0 a_bOUt 60 wt.% POIymer’ the eﬁec? of poly
methanol/LiCIQ solutions of the slow mode activation energy derived ~ Mer concentration increases dominated, so mesh sizes shrank

from Arrhenius plots of's. The dashed lines serve as a guide for the eye.and I'; increased. Even so, the rate of this reduction in the
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FIG. 14. An illustration of the broadening of ACF modes at the maximum
LiClO, concentration for consolidated polymer networks in 50 K PEO/
methanol/LiCIQ solutions:#=90 °C andT=65 °C. result is consistent with the observed decrease in PEO melt

temperature attributed to the increasing disruption of the

. . ) ~ polymer structure with an increasing LiCJ@oncentratiori’
mesh size was itself being reduced by network swelling

stemming from salt concentration increasegsy. 3). Above )
about 60 wt.% polymer, repulsive interactions between PEOf- Scattering wave vector dependence
salt complexes became dominant and the network mesh size Both I'; andI'g again exhibited &®> dependence across
increased and’; decreased despite an increasing polymeithe range of LiCIQ and polymer concentrations studied
concentration. However, above about 85 wt.% polyri&  (Figs. 8 and 9 demonstrating the diffusive nature of both
wt.% without salf, mesh-level fluctuation amplitudes had ACF modes, just as for salt-free solutions. Agdin,corre-
become sufficiently small that the fast mode could no longesponded to faster, more local relaxations of polymer seg-
be detectedFig. 14). ments between network contact junctions and tie points and
For a given polymer concentration, the general reductiod’g to longer-ranged network relaxations. Moreover, because
of I's with increasing salt concentration is evident in Figs. 1the length probed in a sample by PCS varied reciprocally
and 5; the higher the salt concentration, the greater the rewith g, andqg independence of both the mode amplitude ratio
duction. In the melt, the salt-free value Bf was reduced by Ag/(A;+A,) and of B¢ (Fig. 15 illustrates the spatial homo-
a factor of about 45 aX=0.20. This result can be compared geneity of network samples for high polymer concentrations.
with that for 1K PEO melts, wherE decreased by roughly a This result supports the view that slower dynamic behavior
factor of 20 over the same salt concentration ralige.the  observed here, both in semidilute solution and more concen-
relatively unconstrained environment of the unentangled 1Krated solutions, and for PEO melts here and ealfievas
PEO melt, the effect of added salt on long-ranged relaxationdue to the diffusive relaxation of collective, long-ranged net-
was less than in the more constrained environment of thevork fluctuations and not to the translational diffusion of
highly entangled 50K PEO melt. large inhomogeneitie®r “clusters”) in solution. Three ad-
With increasing polymer concentration, with salt, in the ditional results support this view: First, single-exponential
two-mode regiong, increased ang@; decreased somewhat, slow-mode ACF relaxations were observed while multiple
behaving essentially as for salt-free solutidRgy. 7). How-  relaxations would have been expected from polydisperse
ever, the small but persistent reduction in bgth(particu-  clusters. Second, the intensity of the depolarized scattering
larly for lower polymer concentrationgnd 3, (particularly ~ from concentrated solutions and melts was negligible. Third,
for higher polymer concentrationsvident with increasing  the slow mode persisted in the 50K PEO melt, even in the
is attributed to the effects of salt bridging on the polymerpresence of extensive chain entanglement, which would pre-
network. Alterations in the network structure because ofsumably have arrested cluster translational motion altogether.
bridging, behavior observed earlier in 1K PEO méftsf- The absence of clusters in solution is consistent with the
fected diffusive network relaxations broadening otherwiseevolutionary development of the PEO melt-gel percolation
narrow ACF relaxation modes. A comparison@dNTIN re-  system. This development occurred via the early formation
sults for salt-fregFig. 2) and salt-containingX=0.20, Fig. and establishment of the polymer network in solution with
14) 50K PEO/methanol solutions illustrates this effect. Thisthe subsequent consolidation of the system as a melt-gel
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Ep at all salt concentrations was roughly twice thatl:‘cg
(compare Figs. 12, 23Significantly, the thermally activated

301 formation of network fluctuations, both at the mesh level and
ool o o s at longer range, was little affected by network swelling and
= ° 8 B salt bridging. So, as for the salt-free case, the difference in

the rates of increase &? andES reflects differences in the
effects of changing environments as polymer concentration
increased for both fast and slow modes.g\glecreased with
an increasing crossing junction and tie-point density in solu-
o tion, coordinated mesh-scale fluctuations and relaxations re-
i quired greater and greater thermal energies. Moreover, as
o seen in the decrease Ihy, this increasing density also fos-
500l o ] tered the development of increasingly longer-ranged fluctua-
tions requiring even greater thermal energies for their activa-
tion. Again, salt effects were not evident—yet.
0.0 0.1 02 0.3 In contrast to solution behavior, the effect of saltB}

X is pronounced in the melt. With increasing salt concentration,

a monotonic increase &Y was observedFig. 13 mirroring

FIG. 165. LiCIO, dependencies_ of the fit gxponeum and the correloation the monotonic decrease st (Fig. 5, insel since it is rea-
length & extracted from static light scattering measurementg=a65 °C. sonable to assume that the extent of a melt density fluctua-
tion varied inversely witH" and fluctuations of greater ex-

rather than resulting from a sharp transition due to the “sud—tent required greater activation energies. Differing

den” coalescence of clusters that had already formed in soﬁgx:;c;nggfxsesxnﬁgg g]ned i%?;:?;:}smTa;]cé'\fsus?)r;i;?;;%gf be-
lution. Now, however, along with the reduction @B and ' i

corresponding peak broadening, a similar reduction in th%‘ms’ dci/?{thlorﬁs,thannd Iothrer |0nr;|cbspe0|es mt?hprlfol Wari ret— q
mode amplitude ratioAs/(As+Ag), also attributed to net- uce ethanal prese ecause methanol compete

work salt bridging, was observed. Despite this reduction, thiéN'tthEO fo:_tt_hesilo_nlc_:l spe;:flei. In the meIF, Itlhere_(\j/vasE no
ratio ultimately attained a value of 1 in the melt so the re->1CT COMPEttion. A simiiar efiect was especiafly evident in

duction was associated with a retardation in the rate of in—r variations from earlier PCS measurements for 1K PEQ

crease ofA,/(A;+Ay), i.e., a delay in the formation of the melts:® Without salt, variations in the amount of residual

melt gel because of network disruption, again attributed tdpethano[ produced_large vananonsIfanpon the”mtroduc-
salt bridging. tion of LiClO,, residual solvent was “tied up,” even for

Figure 16 illustrates the salt-concentration independencéma” salt concentrations, resulting in very consistent values

of d; for 50K PEO melts. Up to the maximum salt concen- of I’
tration used, a LiCl@ concentration of 28 wt.%, PEO melt/
gel networks remained percolation systems containing Nun, coNCLUSIONS
merous polymer pathways spanning the melt sample. Also
shown is the increase with an increasing salt concentration of Changes in the behavior of the PEO/methanol/LiCIO
the long-ranged static correlation leng#,(bearing in mind ~ system upon the addition of LiClOwere significant, but
the earlier caveat concernirgl). This result is reasonable oftentimes more a matter of degree than of kind. With an
since salt bridging and associated network stiffening wouldncreasing polymer concentration, the emergence of the PEO
presumably increase the extent of long-ranged network fluonelt gel from 50K PEO/methanol/LiClQsolutions pro-
tuations. ceeded smoothly, highlighted by two crossovers. The first
crossover, evident in the one-mode to two-mo@d&ast
mode” and “slow mode’) change in the mode structure of
scattered light autocorrelation functions, was the formation
Examples of fast and slow mode Arrhenius plots are prein solution of a physical polymer network aroumd that
sented in Fig. 11. Despite a clear decreasé€drand a cor- then persisted as PEO concentrations increased in solutions
responding increase i, upon the addition of saItEfD through to the melt gel. The higher the salt content, the
changed negligibly compared to salt-free val@egy. 12. greater the polymer concentration needed for this crossover
Around a polymer concentration of 20 wt.%}; changed to occur. As the melt was approached, the fast mode became
from relatively weak linear dependence on polymer concenundetectable while the slow mode evolved ultimately into
tration to stronger linear dependence, a change reflecting the single mode evident in the PEO melt gel. The second
crossover from individual coil behavior to network behavior crossover, revealed by the two-mode to one-mode change in
in solution. the autocorrelation function mode structure, was the consoli-
Ignoring melt behavior for the momerEy magnitudes dation of the network into the melt gel occurring close to or
and the dependence &g on polymer concentration were at 100 wt.% polymer. However, a retardation in the rate of
negligibly affected by the presence of LiGJ6+just as for approach to consolidation was observed: the higher the salt
EfD (Fig. 13. As for the salt-free case, the rate of increase ofcontent, the more marked the retardation. These results show

1O}

[nm]
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a

g
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S
a

3. Temperature dependence
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that the development of the PEO melt gel from solution dif-°*R. Walkenhorst, J. C. Selser, and G. Piet, J. Chem. Phg8. 11043
fers markedly from the conventional sol/gel transition occur-l7(1998- _ .
ring when the number density of polymer clusters in solution R. Walter, R. Walkenhorst, M. Smith, J. C. Selser, G. Piet, and R. Bog-

reaches a critical value and clusters suddenly coalesce tg,

form a gel.
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