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Neutral polymer slow mode may signify an incipient growth-frustrated domain-forming glass
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Kivelson, et al. [J. Chem. Physl101, 2391(1994] propose a model for glass-forming liquids based on the
potential existence of frustration-limited structures. Frustration-limited structuresjaié@rium supramolecu-
lar assemblages. The maximum size of an assemblage is limited by geometric constraints. Here | propose that
the “slow mode” found in the quasielastic light scattering spectra of some but not all neutral polymer solutions
corresponds to the presence of iagipient growth-frustrated domain-forming glass in these solutions. A
physical picture is proposed for the origin of frustration in polymer solutions.
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[. INTRODUCTION ture dependence of the viscosity, behave as though glass for-
mation in polymer melts is due to the formation in the melt
Recently, Kivelsoret al.[1] proposed a model for glasses of frustration-limited equilibrium domains. In this paper, |
based on the appearance in glass-forming liquids of gegpropose that certain physical properties of some nondilute
metrically frustrated equilibrium domains. The model doespolymer solutions, notably the polymer slow mode, are con-
not specify whether glass formation corresponds to the actugistent with incipient glass formation in solution due to the
presence of domains, or if it corresponds to a favored lengtformation of similar frustration-limited equilibrium domains.
scale that would be exhibited by these domains if they wererhe polymer solutions treated here differ from polymer melts
present. The model does not specify the detailed nature Qft Ref. [1]. In the melts, the apparent viscosity diverges as
the domains; it does present an exemplary structure thagmperature is reduced. In the solutions, glass formation is
might in a particular system have the hypothesized propertiegyy incipient. With increasing concentration, solution vis-

0; tEe h'ypothzsijzed d omfaéns. T.his mo?gl’s treafm[lq_nr{]é[l cosities increase, but remain well below the range of viscosi-
of the size and density of domains explains static light scaty ¢ that characterize glasses.

tering by _glass fo_rmmg Ilqmds, especially features encoun-— prior consideratior{5] of polyelectrolyte solutions led
tered during heating-cooling cycles and above the meltin ; .
. o the proposal that the polyelectrolyte “extraordinary
temperaturer ,, of the bulk crystalline phase. The tempera- i . . o .
phase” observed in quasielastic light scattering spectroscopy

ture dependences of the viscosity of 11 glass-forntlgth .
strong and fragileone-component liquids and three polymer spectra of low-salt polyelectrolyte solutiof8] corresponds
o the appearance of a cluster-forming gldgsH] in these

melts were reduced by the model to a single universal curvd : ; >
Our interest here is in polymer solutions, not in the Sing|e_solut|ons. The cluster-forming glasses described by Mel'.cuk
component liquids treated in Refl]. Because the systems €t al. and Johnsoret al. [7,8] and proposed to be found in
here have more than one component, concentration joinRelyelectrolyte solutions have dynamic properties which dif-
temperature as a significant variable. As discussed below, tHer from the dynamic properties noted here for neutral poly-
effects discussed in Refl] as occurring if temperature is mers. We therefore believe that the glass transition proposed
reduced are mirrored by the effects discussed here as cohelow for neutral polymer solutions differs from the cluster-
centration is increased. forming phenomena propos¢8] to explain the polyelectro-
The central effect considered here is the polymer slowyte extraordinary phase.
mode, as phenomenologically observed in quasielastic light Section Il of this paper describes the model of Kivelson
scattering spectr&(q,t) of neutral polymers in good and et al. [1] for glass-forming liquids containing frustration-
solvents. At lower concentration§(q,t) is characterized by limited domains. Section |l summarizes the modern litera-
a single nearly exponential relaxation. At elevated polymeture on polymer nonexponential modes. Section IV matches
concentrations, in some solutiobst not others £g,t) gains  the model against the phenomenology, showing that they are

a second conspicuously nonexponential mode. The nonexpeighly consistent. Implications of these results are treated in
nential mode typically has a much longer mean relaxatiorgec. v.

time than does the exponential mode, leading to its being
denoted the “polymer slow mode.” There is an extensive
literature on properties of the nonexponential mode, includ-
ing its dependences on scattering vector, polymer concentra-
tion and molecular weight, solvent quality, and temperature. We first consider the glass model of REf] and suggest
Kivelsonet al.[1] demonstrate that certain physical prop- how it might be extended to solutions. Kivelsenal. [1]
erties of representative polymer melts, notably the tempergsropose that the glassy properties of many single-component
liquids arise because the liquids form equilibrium molecular
domains that are not crystallites of the equilibrium solid
*Electronic address: phillies@wpi.edu phase. The hypothesized domains are thermodynamically
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stable. However, they do not grow to arbitrarily large sizessuch nonzero time-displaced dynamic couplings have re-
because geometric frustration prevents unlimited growthcently been observed in simulatiof8].)
Domains form, and grow to a largest size permitted by geo- How might a coarse-grained frustration-inducing Hamil-
metric frustration. Further heating or cooling leads totonian arise in a fluid? Referen¢&] notes observations by
changes in the concentration of domains, but the size of thBoerdijk [10], Frank and Kaspef11], Bernal[12], Hoare
individual domains is determined by packing constraints andi13], and Stillinger{ 14] that spherical molecules often prefer
is bounded above, regardless of the temperature. The d@o pack locally in body-centered icosahedra. However, over-
mains, or perhaps favored length scales associated with thgpping simple body-centered icosahedra are not space fill-
potential presence of domains, enhance the viscosity at loywg, so they cannot be the basis for a true crystalline phase. If
temperatures. one attempts to pack icosahedra, one rapidly creates voids or
This glass model characterizes structures by invoking afinds regions in which neighboring molecules need to inter-
unspecified order parametéd, envisioning a qualitative penetrate. Attempting to pack icosahedra in a space-filling
coarse-grained Hamiltonian f@ to be way creates crystal defects and strain energies that diverge
with the volume of the icosahedral domain. The formation of
large icosahedral domains is energetically prohibitive, the
Hz_; “iloi'OiJr%: %ij0i- 0. @) prohibition being an example of “geometric frustration.”
Frustration-limited domains resemble the transient van der
Waals—stabilized cryptocrystallites of Rousgl$] treatment
q: viscoelasticity in concentrated polymer solutions, in that
the domains and cryptocrystallites both create local regions
@aving long correlation times.

Kivelson et al. [3] propose thatO might be a local bond
orientation variable representing how particles are packe
around each other. Equivalently, could be a spherical har-
monic of the density of nearby particles around each atomi

center. The actual physical nature @fis not critical to the Kivelson et al. [1] ana_lyze the free_energy .Of their pro-
model's development in Ref1], because the clustering be- posed domains as functions of domain stability and system

havior is entirely determined by the mathematical form oftemperaturer. The melting temperaturé, of the icosahe-

Eq. (1) and is substantially independent of the physical na.dral crystallites could be higher than the freezing temperature

ture of O. In Eq. (1), the sums go over all pailisj of par- 'I_'ms_of the simple liquid. WherT is rgduqed belowl ,,; the .
ticles, «j; represents an energetically favorable short-rangé'qlJId thergfore attempts to f_reeze Into |cqsahedral crystals;
interaction that vanishes unlessand|j are near neighbors, |mperfeqt |cosah§dral domains grow until they encoqnter
while 8;; represents a longer-range, energetically unfavordeometric frustration. These_do_malns are thermodynamically
able interaction. stable with respect to the liquid, k_Jut are not an orthodox

A simple example of a Hamilton with this structure ap- thermodynamic phase because their volume is not unlimited.

pears in a multidimensional Ising model in which tke In tr;e”.tempﬁrature rangfém;<Tt<O1|'mi,dcr:ystallltes tObetheWh
are spin variables on a latticey;; is a nearest-neighbor crystaflineé phase aré superneated and hence unstable. en

ferromagnetic interaction, angi; represents long-range frus- the iylster? 't‘:’] hee;teb(? fro:‘n below Y dr;'ul ('jt.'s warmer;ﬁa‘%, th
tration effects. Qualitatively, this Hamiltonian makes it ener-Cystals of the stable phase rapidly disappear. Heating the
getically favorable to form domains in whidd;-O; is lo- system abové s does not cause the frustrated domains to

cally large. However, over large distances there is frustrationd€COMPOse; the domains are stable uf §g, and may be

It becomes energetically unacceptable to h&@e- O;)>0 metastable, once formed, even if they are not stable. In ex-
i ; - .
for [[i —j||>1. For this Hamiltonian, at low temperatures the perimental support of these predictions, Kivelssral. note

system forms a defect-laden pattern of locally ordered dogxperiments by Fischeet al. [15] show?ng that unspgcified

mains. glassy-related aggregates do not disappear rapidly when
There is no requirement th@ be a functional of the Neated abové s, until some much higher temperaturg;

density. As noted by Kivelsoet al. [3], if O were not a 'S attained. _

functional of the density, it would couple to the densiand Referencq 1] finally proposes that the fundamental tem-

hence to the static st}ucture fagtoonly indirectly. Let perature in their model is closely related to the melting tem-

O(k,t) and A(k,t) denote the spatial fourier transforms of per.atureTmi of the icosahedral domains, because the equi-
the densitieO(r,t) andA(r,t) of the order parameter and I|b1|um numbe: of QOﬁ_nlalns goels t0 z€ro &s> Ty frorr;]
the particles, respectively. Wheén-0 the simple correlation P€lOW. but scales witl =T, at lower temperatures. They
function (O(k,t)A(—k,t)) must vanish becaus® and A therefore propose that,, (and not the _VogeI-FuIcher tem-
have different symmetry properties. However, while a bilin-PEraturéT, or the glass temperatuii) is the fundamental
ear couplingB=(O(k,t)O(—k+q,t)A(—q,t)} is not re- temperature for describing glass formation. Indeed, they
quired to vanish in tﬁe smak,q imit. B has a diffuseq show that the activation energy for the viscosity of a range of
dependence, leading to an absence of sharp structurf@dile, strong, and polymeric glass-forming liquids scales
: : b : turally with T, —T.
implying peaks in(A(k,t)A(—k,t)). For dynamic cou- "& mi . .

. . - : ) _ In summary, the model of Reff1] predicts the following.
plings, while (O(k,t)A(—k,t+ 7)) is obliged to vanish by In a glass-forming single-component liquid one can find

time reversal symmetry at=0, the coupling(O(k',t)A equilibrium domains that have reproducible sizes, are sub-
(=kt+7)) can be nonzero when#0. (For a suitable stantially larger than single molecules, but are not crystallites
choice of amA, and anO like that envisioned by in Refl],  of the equilibrium solid phase. Correspondingly, the static
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structure factoiS(q) shows excess amplitude, perhaps withtemperature or increasing polymer concentration, more and
structure at low angle, persisting into the nonsupercoolednore domains form in solution, leading to a great increase in
melt. The fundamental temperature is for analyzing glassyiscosity at elevated.

behavior isT,,;, the temperature at which domains decom- The two following sections consider available information
pose into the simple fluid. The domain concentration is largePn the polymer slow mode and related phenomena, and com-
at low temperature. Relaxation to equilibrium of the numberPare with expectations based on domain formation models.

density of domains may be very slow. The viscosity trackgFirst information is presented coherently sorted by source, so

the number density of domains, so that the domain numbdfiat readers can see when multiple phenomena were unam-

density and the viscosity scale in the same way with tem_biguously seen by one laboratory at one time in one system.

perature, namely, both scale iff{—T)". The paper then advances by comparing each predicted be-
Referencd 1] did not treat quasielastic scattering spectra.
The model implies that when there are domains whose ordeé

parameter is coupled to the density, translational diffusion o nthalpic terms, such as increasing the polymer concentra-

ntact domains yields in the limit of very lowq a jon reducing the temperature, or reducing the solvent qual-
q“-dependent diffusive relaxation if§(q,t). At larger g, v will enhance the amplitude of the slow mode. If the order
structural relaxations dominated by an internal length Scal?)arameterforthe domains couples to the density, the onset of
lead tog-independent relaxation rates. The line shape of thghe siow mode will be correlated with changes in the static
relaxation inS(q,t) is partially determined by the distribu- |ight scattering intensity. In light scattering spectra, at very
tion of domain sizes. If the domains are nondilute, interacsmall g domains are seen to diffuse, with a slow diffusive
tions between domains may also perturb their dynamics. mode havingS(q,t)~qg?. At larger g, domain relaxations
Referencg1] treated viscosity but not viscoelasticity. The have a characteristic length scale and time, leading to a
model implies: If glassy viscosity arises from domains ornearly g-independent slow relaxation. Domain relaxations
superdomains rather than a length scale that the domaimseate the slowest mode, so the slowest relaxations of
create, the longest relaxation time is a domain lifetime  S(q,t), the VH mode, and the viscoelasi@(t) will have
Not necessarily with observable amplitudes,supplies the the same characteristic time. Fluctuations in the domain
longest relaxation time ir8(q,t), in the mechanical spec- number may have ultraslow relaxations. To form domains,

trum G(t), and in the depolarized scattering spectrum if ongPolymer coils might be obliged to interpenetrate substan-
is detectable. tially, requiring that the polymer concentration must exceed

Kivelson et al. [1] treated one-component melts at con- the polymer overlap concentratiai before domain forma-

stant pressure. Their thermodynamic control variable was thBOn 0CCurs.
temperature. Here we consider two-component solutions,
largely at fixed temperature, the accessible thermodynamic

variable being the concentration. It is here proposed that There is an extensive literature on light scattering spectra
there is a rational analogy between temperature and concesf nondilute polymer solutions. The pre-1988 literature was
tration dependences, and that the analogy allows one to ajargely obtained with linear correlators, which are not well-
ply the model of Ref[1] to solutions. The analogy maps suited to studying spectra that have an extremely wide range
high temperature melts onto dilute solutions. At high tem-of relaxation times. Also, much early work fit spectra to one
perature or low polymer concentration, the polymer mol-or two pure exponentials; the outcome of fitting a nonexpo-
ecules have a simple liquid behavior, with no domains beingential form to a simple exponential is ambiguous. The dis-
present. A reduction in temperature is mapped onto an incussion here is largely restricted to more recent literature on
crease in concentration. With decreasing temperature or irspectra obtained with exponential-sampling correlators; how-
creasing concentration, one eventually reaches a solid lin@Vver, earlier measurements found useful qualitative results.
the melt crystallizes, while the solution reaches a solubilityfué gels such as the gelatin system studied by &ea.

limit beyond which lies a solid phase in equilibrium with a [17] are not considered here.

saturated solution. However, in the liquid phase before the 1here were early disagreements as to whether the polymer

solid line is reached, decreasing temperature or increasinyOW mode represents a real phenomenon or a laboratory

concentration makes it thermodynamically favorable to formTrt'faCt’ e.g., underfiltered dust or polymer polydispersity.

stable or metastable local growth-frustrated domains. Be- her_e is now broad but not universal agreement that _the dy-
ond a limiting temperaturd ,; or the corresponding con- namic structure factoS(q,t) of some polymer sglutlons

y ) . mi = T . shows bimodal behavior at elevated concentrations. How
centration, the domain concentration increases with decrea

ﬁiay these modes be represented? In some papers, spectra are

d : . ith ina i h led fluid b%iescribed as sums of groups of similar exponentials. In other
omains persist with cooling into the supercooled fluid, o “papers, spectra are approximated as

structing crystallization, leading to a glass: a highly viscous

noncrystalline system. In solutions, the direct analogy to su-  g(q t)=[A,exp(— 6,t%) + Aex — 6,7 )]?+B.  (2)

percooling is supersaturation. However, many polymer:sol-

vent combinations are miscible in all proportions, so superHere A; and A, are mode amplitudes}; and 6, are mode
saturation does not arise. Nonetheless, with decreasingecay ratesg and g’ are stretching parameters, aBds the

havior against all data that tests that prediction.
What are the central predicted phenomena? Factors that
nhance domain formation by creating favorable entropic or

IIl. THE POLYMER NONEXPONENTIAL MODE
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spectral base line. The literature assigns several cognomens Nicolai et al. [21] report spectra of 1.28-, 3.8-, and 5.48-
to these modes. The descriptors “sharp” and “broad” refer MDa polystyrenes in the good solvent cyclohexane. Spectra
to single nonexponential modes. The sharp mode is typicallyere analyzed with inverse Laplace transform methods lead-
nearly a pure exponentig|3<0.85—1.0; the broad mode ing to spectral descriptions in terms of groups of pure expo-
contains an extensive range of relaxation tim@gypically ~ nentials. In relatively dilute solution§(q,t) is nearly a pure
0.5 or lesy The sharp mode, which often decays at shorteexponential with ag?-dependent relaxation rate. Well into
times than the broad mode, appears to be continuous with tHee semidilute concentration regime, a far more complex
single relaxation seen in dilute solution. The broad modespectral structure is found: The fastest modes scag;athe
becomes apparent at elevated concentrations. Corresponding:) iS ConSidel’ably faSteI‘ than tHD for the

Modes may also be characterized as “fast” or “slow” by Sa@me chains obtained using classical gradient methods. Over
reference to an average decay time. A broad stretched exp8-Wide range ofj, the slowest modes are nearly independent
nential, expanded as a sum of exponentials, includes ternf§ 9 Hoyvevgzr, at very smafj the slowest mode goes to zero
decaying at very short times. A description that focused Or{lnearly nag. With increasingg, an increasing distribution
early time rather than average behavior of a nonexponenti.’;ﬂf additional decays becomes.appare.nt between thg fastest
mode might identify a broader mode as faster—having som nd slowest relaxat|ons._ With increasiogq and M being
faster components—even though it had the longer averagrlexed’ t_he fastest relaxat_|ons bec_om_e faster, but the slowest
decay time el_axat[ons slow dramatically. .Wlth increasimg, g andc_

' . . . being fixed, the fastest relaxations are unchanged, while the

There are a range of specific _results. This is not a reviewy, )« relaxations slow substantially.
paper; only details relevant to this paper are given. In a separate paper, Nicolat al. [22] apply quasielastic

Balloge and Tirrell[18] report static and dynamic light jight scattering and dynamic mechanical methods to study
scatterl_ng from polymethylmethacrylatg: methyl methacry'polystyrene M, in the range 0.83-8.42 MDadn dioctyl
late using materials from several supplieié,, covered the  pnhthalate(DOP) as a function of polymer concentration and
range 60-703 kDa. Samples exhibiting a spectral broagemperature. DOP is & solvent at 22 °C. Polymer concen-
mode also exhibit an anomalous enhancement of their statigations were limited tac>c*, c* in Ref. [22] being the
light scattering intensities. The apparent radii of gyration in-overlap concentration obtained from the radius of gyration
crease with increasing polymer concentration. For a 179 kDRg, Relaxation time distributions were calculated from
poly-methylmethacrylatdPMMA), R, increases from the $S(q,t) and from the dynamic modulu(t) [as determined
few hundred angstroms of a single molecule>@000 A.  from the storage and loss mod@’ (w) and G"(w)]. For
Other samples exhibit at largeneither a broad mode nor S(q,t), the fastest mode hadgg-dependent relaxation time,
elevated light scattering. Balloge and Tirrell did not deter-while slower modes werg independent. The longest signifi-
mine why only some samples showed a broad mode. Whileant relaxation timer inferred fromS(q,t), and the longest
highly monodisperse materials showed the broad mode, anglaxation time inferred entirely separately froB(t) are
extensively polydisperse samples showed only the sharpery nearly the same over a ten fold range of polymer con-
mode, mixtures of several highly monodisperse samples coreentration and four orders of magnitude variationrit.ow-

tinued to show broad mode activity. ering the temperature through tléepoint greatly increases
Brown and Stepaneki 9] studied 2.95-MDa polystyrene:- the amplitude inS(q,t) of the polymer slow mode.
ethylacetate over temperatures fran70 to —45 °C at con- Brown and Stepanek23] observed light scattering spec-

centrations 2—72 glifrom the overlap concentratiot up  tra of 4.9-MDa polystyrene in a series 6fsolvents.S(q,t)

to 4*). At lower concentrations €<4c*) spectra were at fixed c in a series off solvents is independent of the
nearly single exponential. Far>4c*, careful decomposi- relative density of the polymer and the solvent, the relative
tion of spectra(in which relaxations are seen over four or density being changed by varying the solvent. Spectra con-
more orders of magnitude in timeto sums of exponentials sistently show a fast relatively exponential decay and a broad
identified fast, intermediate, and slow modes, the modedecay largely relaxing at longer times. At higher tempera-
seemingly having about the same fractional widths in)In( tures the sharp mode is more important. The broad mode is
The fast and slow modes scalegts The intermediate mode dominant at lower temperatures. Brown and Stepanek ob-
has a nonzer@—0 intercept. The amplitudes of the two served the VHdepolarizeglas well as the conventional VV
faster modes are relatively independengofThe amplitude  spectrum, finding that the VH spectrum substantially relaxes
of the slowest mode increases sharply at small angle, consign shorter time scales than the VV spectrum relaxes, but that
tent with this mode arising from domains that have a subthe longest relaxation times of the VV and VH spectra are
stantial spatial extent. At high temperature, the fast mode igery nearly the same. Over a range of larger angles, the
dominant; as the temperature is reduced, first the slow andecay rate of the fast mode wa$ dependent while the slow
then the intermediate mode dominates. Brown and Stepaneklaxations were very nearly independentgof

inferred that the slow mode corresponds to transient domains Wanget al.[24] report spectra of 185- and 233-kDa poly-
of chains. Brown and Stepanek’s observation that the slowgtyrene in diethylmalonate and diethylphthalate. Contrary to
modes are only seen at largeis consistent with other work: Brown and Stepandlk3], polystyrene:diethylmalonate spec-
Eisele and Burcharf20] (for 570-kDa polyvinylpyrrilidone tra of Wanget al. show only a single sharg?-dependent

in water and alcohgland Balloge and Tirre[l18] both found  mode. This work reached polymer concentrations up to 522
that the broad mode only appears torc*. g/l, more than 18*, without seeing a broad mode. Wang
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et al. [24] conclude, from the spectra of these nominally respectively, from(a) relaxation via reptationNi 2 being the
well-entangled solutions, that chain entanglements do not bynolecular weight dependence expected for consistency with
themselves give rise to a polymer broad mode. Howevershear viscosity dati29]), (b) a diffusion mode characteristic
when the same polystyrene sample was dissolved in dietlef the distance between entanglement points, this distance
ylphthalate, Wanget al. observed two modes. Clearly, poly- containing a substantial number of polymer blobs, &)
dispersity or sample contamination can lead to a broad modgnode characteristic of the diffusion of particulates with
Disparate results of Wangf al. in two solvents show that the ~3Ry.
broad mode is not due to polydispersity, because with a Faraoneet al. [30] studied 75—800 kDa PMMA:acetone
single polymer sample the mode can be made to appear @hg 35-kDa polyethylene oxid®®EQ): water, at concentra-
disappear by changing the solvent. Watgal. propose that  tions up to 20% and 30%, respectively. The PEO solutions
they disagree ,W'th Brown and Stepar{@8] because Brown  ghqy no broad mode, even at concentrations far above the
and Stepanek’s samples are polydisperse. However, the 0jGe o concentration. The broad mode amplitude of 75-kDa
literature study of polydispersity, due to Balloge and.T.lr_reII PMMA solutions increased dramatically between 15% and
[18], fognd the broad mode to_be assoqqtgd with the.|n|t|aIIy20% concentration. Faraome al.[30] found that their sharp
monodisperse samples, while the initially polydisperse ode was diffusivexT)~q? for q2e 2 11x 1010 cm 2
samples did not show a broad mode, the inverse of the inteﬁp . ' q- for g 2 '
pretation proposed by Wanet al. Polydispersity therefore heir broad mode was nearl_y mdependen_q f .
does not appear likely to be responsible for the differences !02net al.[31] studied static and dynamic light scattering
between Refd23] and[24]. The observed differences might @nd rheology of 334-, 506-, and 2660-kDa dextrans in water
instead reflect the nearly 20-fold difference in polymer mo-for concentrations up to 65% w/v. Above 15% wlv, a pro-
lecular weight between the two studies. nounced slow mode appeared $(k,t), while Berry plots
Wang and Zhang25] studied light scattering spectra of show that the static scattering intensity gains a low-angle
2.88-MDa monodisperse polystyrene in diethylphthalatepeak. At approximately the same concentratiom »/dInc
finding distinct sharg8=0.99 and broad 8'=0.21) modes. increased markedly, while above this concentration the stor-
In this system, the mean relaxation rdtg,=(7) ! of the = age moduluG’(w) has a low-frequency plateau indicating
sharp mode scales gé. The corresponding mean relaxation the presence of a weak gel.
ratel"y,, for the broad mode goes to zero at very sngalbut Phillieset al.[32] compared static and dynamic light scat-
is independent off over a wide range of largeg. I'g, in-  tering from 1-MDa hydroxypropylcellulose in water<@
creases with concentration forup to 1&*, and then levels <15 g/l with scattering spectra of optical probes having di-
off. No measurements were reported ésrc*. The fraction  ameters 14d<282 nm in the same solutions. They found
of the SpeCtral amplitude in the broad mode increases SlOWIM‘]at hydroxypropy|ce”u|ose: water gains a slow mode above
with increasing concentration. In Cgkolutions, the same 3 narrow concentration range centered at 6 g/l; there is no
polymer sampl¢26] largely had the same spectral behavior. corresponding feature in the static light scattering intensity. A
However, in Ref[26] $(q,t) was measured far<c*, find-  \ariety of spectral features suggest that the slow mode has a
ing that the fractional amplitude of the sharp mode rises toxnaracteristic length scale in the range 50—70 nm, which is

ward unity, and con_vers_ely the slow mode fades away, as th&pproximately the polymer’s hydrodynamic radius.
polymer concentration is reduced toward zero.

Sun and Wang27] examined 183-kDa polystyrene in the
good solvent benzene, finding a mode structure very similar
to that reported by Wang and Zhaf®p] for polystyrene:di-
ethylphthalate. Sun and Wang also examined spectra of 16.7-
kDa polystyrene at a polymer weight fraction of 0.276. A This section compares the predictions from Sec. Il for
broad mode appears in the spectrum, even though the 16glassy solutions with the observations of polymer properties
kDa is less than half the minimum molecular weidgt for given in Sec. lll.
entanglement in this polymer, not to mention that the effec- If the order parameter identifying the domains couples to
tive M, was here extensively increased by the fourfold dilu-the concentration, domain formation will create regions of
tion from the melt. In benzene/diethylphthalate, Sun andparticularly low or high particle concentration. Larger con-
Wang also found ultraslow spectral relaxations. The broagentration fluctuations will scatter more light, the enhanced
mode amplitude declined for up to five weeks after dissolvscattering amplitude being dependent if the domains are
ing samples. sufficiently extended. Balloge and Tirr¢ll8] report that en-

Stepanek and Browrn28] studied 2 kDa—-20 MDa hanced, g-dependent static scattering and polymer slow
polystyrene:benzene, decomposing spectra into a sharp modeodes were either both present or both absent. Enhanced
and no fewer than three broad mode components. Over scattering and the broad mode thus have a common source.
substantial range of/, relaxation times of the four modes Scatterers had radii up to 2000 A, far larger than single mol-
were separated by one or more orders of magnitude. lecules, consistent with scatterers being chain domains. Simi-
addition to ag?-dependent sharp mode, Stepanek identifiedarly, loan et al. [31] found that enhanced static scattering
(a) a broad(8e0.4—0.8) mode scaling ag’M?3, (b) apure- and the slow mode appear at approximately the same con-
exponential g>-dependent mode, andc) a very slow centration. On the other hand, Philliesal.[32] found for
g°-dependent mode. The modes were interpreted as arisingydroxypropylcellulose:water that the appearance of the

IV. SLOW MODES AS REFLECTIONS
OF INCIPIENT GLASSES
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slow mode is not correlated with a marked change in statisolvent quality, multiple observatiof$8—-3Q agree that the
scattering. broad mode is weak or absent in good solvents and stronger

For sufficiently small, the model implies tha®(q,t) has  in € solvents.

a mode reflecting domain center-of-mass motion. This mode (b) Domain formation and thus the broad mode amplitude
is diffusive, so at smalfj its relaxation ratd",,, scales as|?, should be more pronounced at lower temperatures. Nietlai
going to zero at lowg. As predicted, Nicolaj21] and Wang al. [21] and Brown and StepandR3] report an increase in
and Zhang 24,25 find for the broad mode thdt,,—0 at the broad mode intensity at lower temperatures. Brown
very smallg. At large g, S(qg,t) will track domain internal and Stepanek19] found that the sharp mode dominates at
modes. A frustration-limited domain has a fixed internalhigh temperature. At lower temperatures first a brogd
length scalet, leading to internal mode relaxation times de- dependent mode and them@mode dominates. This change
termined by¢, and thus tog-independent mode relaxation in dominant mode is consistent with the increased impor-
times. Indeed, over a wide range of larggrRefs.[21-25  tance of domains in solution at low& Domains or super-
agree that the relaxation rate of the broad mode is nearlgomains grow to their limiting size &a$ is reduced, so at
independent of. fixed g, as domains become larger, interngdindependent

A more detailed mode decomposition by Brown andrelaxations replace?-dependent center-of-mass motion as
Stepanek19,2§ found within in their broad mode a slowest the dominant apparent relaxation.
g°-dependent group of relaxations and an intermediate mode (c) Domain formation should be enhanced at elevated
that scaled ag®. At low g, the very slowg?-dependent concentrations. Indeed, Nicolait al. [21] and loanet al.
mode had the larger amplitude, while at largghe q® mode  [31] found that the broad mode slows with increasirg M.
had the larger amplitude. Th#ominantbroad mode relax- Wang,et al.[25] and Faraonet al. [30] found that the am-
ation thus scales ay at smallq and asq® at largeq. plitude of the slow mode increases with increasing concen-

To form a region of high concentration in nondilute solu- tration.
tion, the polymer coils would appear to need to interpen- In summary, a wide range of properties of the polymer
etrate. Substantial chain interpenetration and thus domaiproad mode(including the dependence of its amplitude and
formation largely occurs above the overlap concentration  linewidth on scattering vector, polymer concentration, mo-
suggesting that the broad mode should primarily be apparemgcular weight, solvent quality, and temperajuralicate that
for c>c*. Consonantly, Eisele and Burchdr20] and Bal-  the polymer broad mode arises from the presence in solution
loge and Tirrell[18] report that the polymer broad mode of equilibrium domains of polymer chains. Domain lifetimes
becomes visible at>c*, while loan,et al.[31] and Phillies  inferred from VV and VH light scattering spectra match the
et al. [32] agree that there is a cutoff concentration belowViscoelastic terminal relaxation time, implying a direct cor-
which the slow mode is not visible. Warej al. [24] mea-  relation between the presence of the domains and the solu-
sured mode amplitudes in polystyrene ¢dInding that the tion viscoelastic properties in these systems. The character-
broad mode amplitude goes sharply to zeraas0. istics observed for polymer solutions that exhibit a slow

The model implies that, except at extremely smgll mode are thus precisely the characteristics expected from the
S(q,t), the VH spectrum, an(t) have a common largest 9lass model of Kivelsomet al. [1] as generalized to polymer
relaxation timer., because the longest relaxation times arisesolutions. However, the solutions considered here in general
from the same domain relaxations. There is no reason thave viscosities well below those of true glasses, so we are
expect that a mode contributes equallyS6q,t), the VH  discussing liquids, not glasses. Polymer solutions showing
spectrum, and5(t): While their longest relaxation times are the polymer slow mode thus have properties consistent with
the same, the three relaxation spectra have different shapdbeir being exemplars of aimcipient Kivelson glass whose
Brown and Stepanel23] report, as predicted, that their Vv Viscosity has not yet diverged.
and VH spectra have the same longest relaxation times.
Nicolai et al.[22] show thatS(q,t) andG(t) have the same
longest relaxation time.

Kivelson et al. [1] note that the relaxation of the domain  In the original papers of Kivelsomt al, the frustrated
number density to equilibrium may be extremely slow. Re-domains were proposed to have dimensions in the range 1-5
laxations in the number density of domains would be seen asm. Domains of larger sizéca. 100 nm are reported by
a relaxation in the amplitude of the slow mode. UltraslowFischer,et al. [15], but these domains were treated by Ref.
relaxations of the polymer slow mode amplitude are indeed1] as not being rheologically significant. Here we are dis-
found: Sun and Wan@27] report that the broad mode am- cussing domains with sizes in the range 50—-200 nm, but
plitude relaxes to equilibrium over a five week period. identifying them with 5-nm domains of Kivelsoet al. and

Within the model, the broad mode amplitude should benot their 200-nm domains. In understanding this identifica-
affected by variables that affect the number and size of théion, recall that the basic unit of length is size of the indi-
equilibrium domains in solution, notably solvent quality, vidual domain-forming molecules. In the discussion of Ref.
temperature, and polymer concentration: [1], the individual molecules are a few tenths of a nanometer

(a) Attractive interactions between chain segments arecross, and the interesting domains are an order of magni-
weaker in good solvents than #hsolvents, so domain for- tude larger. Here the basic unit is a polymer coil of dig
mation should be less pronounced in good solvents thah in and the domains in some cases are only fivefold larger. The
solvents. In agreement with this predicted dependence ofundamental question is then not why the domains here are

V. SUBSIDIARY ISSUES
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so large, but why they are so smidlnatural unitsrelative to  e.g., reptation, then the reptation time and other reptation
domains of Ref[1]. A possible explanation is that polymer scaling properties would manifest themselves in the vis-
coils can interpenetrate, so an object having ten polymecoelastic properties of the solution via the intermediation of
coils from side to side has far less linear extent than the surthe domains.
of ten polymer coils measured each in isolation. A picture of long chains passing alternately through or-

Light scattering measurements do not prove that the dodered domains, in which chain motion is slow, and disor-
mains are regions of elevated concentration. Domains wouldered regions, in which chain motion is rapid, is not novel.
also scatter light if they were regions of unusually low con-This picture is precisely the picture presented by any of the
centration. While conditions that enhance the slow mode amheavy-bead models of polymer melt dynamics. These models
plitude (e.g., # solvent conditiohare conditions that enhance are examined in detail by Skolnick and Yaf&6], who show
chain attractions, data here do not resolve betw@ernlis-  to the level of precision of the model that heavy-bead models
continuous local regions of high concentration embedded irorrectly predict the standard phenomenology for polymer
regions of low concentration,2) a continuous spongelike melt dynamics, including not only the molecular weight de-
high concentration region, in which scatterers are embeddegendences of the self-diffusion coefficidbtand the viscos-
in low concentration globules, an@) a bicontinuous mesh ity », but also the crossover molecular weights Bband 7,
of small and large concentration regions. couplings between center-of-mass motion and internal coor-

| have not proposed a physical model for frustration indinates, and single-bead correlation functions. The growth-
polymers. Indeed, Kivelsoet al.[1] speculate that the prop- frustrated domain model provides a critical physical en-
erties of glass-forming fluids may arise from a length scalehancement of the heavy-bead models, namely, it provides a
implicit to frustration and not from the actual formation of mechanism that makes some beads “heavy” and restricts
domains. However, for the model to be applicable thergheir dynamics.
needs to be some physical effect that leads to frustration. It appears that domain formation is in part controlled by
How might domains of polymer chains be subject to frustra-variables that have not yet been identified. Balloge and Tir-
tion? Suppose domains contained relatively well-packedell [18] compared polystyrenes from multiple suppliers. Un-
chains. Each domain is then surrounded by a corona of reder identical experimental conditions, only some samples
entrant polymer loops present because chains leave the dshow a broad spectral mode. Similarly, Brown and Stepanek
main, and then reenter the domain or a neighboring domaij23] and Wanget al. [24] both studied polystyrene:diethyl-
Entrant and reentrant loops are disordered, so they are lessalonate, disagreeing as to whether or not this system has a
dense than the domain. If the mean length of well-packedlow mode. Balloge and Tirrell’s data are all from a single
chain between reentrance points is independent of the size tfb, using a common set of protocols and instruments. Re-
the domain, the number of reentrant loops increases linearlgeatable sample-to-sample variations must therefore inhere
with the mass of chain in the domaiand hence with the in the material components, not the experimental methods.
domain’s volumé The volume available at the domain’s sur- These data, however, tell us what is not responsible for the
face to accommodate the reentrant loops increases only @ppearance of the slow mode, rather than finding which vari-
proportion to the surface area of the domain. There is then ables are responsible for the slow mode.
square-cube law conflict. With increasing domain size reen- A previous papef5] treated the polyelectrolyte “extraor-
trance becomes impossible because there is no more spacedimary phase6], which is a slow mode apparent in the light
the corona for additional loops. Increases in domain size bescattering spectra of nondilute polyelectrolyte solutions, es-
come energetically prohibitive. Frustration based on reenpecially at low-salt concentrations. Its properties match the
trant loop density provides a much softer constraint on maxiproperties expected for scattering from the “clusters” and
mum domain size than does frustration based on hard-corelumps” found by Mel'cuk et al. and Johnsoret al. [7,8],
packing constraints. Correspondingly, the resistance of & their simulations on supercooled two-dimensional
polymer domain to growth is less than the resistance of ged-ennard-Jones systems. In particular, the slow mode of the
metrically frustrated near-hard-sphere domains to furthepolyelectrolyte extraordinary phase arises from translational
growth. Indeed, some experimental dg24] support the in-  diffusion of long-lived clumps.
terpretation that domains grow at elevated However, the polyelectrolyte slow mode of Rg5] and

The hypothesized importance of domain formation tothe neutral polymer slow mode discussed here differ in major
polymer solution dynamics does not speak to the validity ofphysical properties. The neutral polymer slow mode is inde-
reptatory, hydrodynamic, or other descriptions of polymerpendent ofg except at very small, as expected for scatter-
dynamics. Whether domains form or not, in concentrated soing from domains in a Kivelson glagd] in which relax-
lution chains might be constrained to diffuse largely parallelations are dominated by internal dynamics. In contrast, the
to their own contour, largely perpendicular to their own con-polyelectrolyte slow mode linewidtR is linear ing?, cor-
tour, or isotropically. If polymer solutions showing a slow responding to diffusive cluster motion, over a full range of
mode become viscoelastic because they contain incipient?.
Kivelson glasses, the viscoelastic behavior arises in the first Furthermore, the glasses of Rdfg,8] and[1] differ sub-
instance from static properties, namely, domain formationstantially in the statisticomechanical control of their domain
However, chain motions still control viscoelasticity: The do- sizes and domain size distributions. In the glasses envisioned
main lifetime giving the slow decay iG(t) is determined by by Mel'cuk et al. and Johnsomrt al.[7,8], “ . . . the free en-
polymer dynamics. If the domains were to be relaxed byergy ... hasnany minima. . . thesystem remains trapped in
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a local free energy minimu . . . . Theminimum the system Finally, the primary experimental rationale for interpret-
chooses appears to depend on the quench histf8y.”In ing the slow mode as arising from viscoelastic coupling is
contrast, the domains in the frustration-limited glasses envithat S(g,t) and G(t), when both are observed in the same
sioned by Kivelsoret al. [1] are equilibrium structures hav- system, have the same longest relaxation time, suggesting
ing characteristic sizes determined by competition betweethat one phenomenon controls the other. The interpretation
short-range intermolecular attractions and many-particle gediere in terms of the Kivelson glass model reverses this ratio-
metric frustration effects. nale by making the relationship between the longest relax-

Experimentally, Sedlak38—-4Q has shown that nanofil- ation times of S(q,t) and G(t) concomitant rather than
tration of polyelectrolyte solutions changes the domain size&ausal. The longest relaxation timesSffy,t) andG(t) both
distribution, reducingdr increasingthe size of a typical do- arise from the structural relaxation time of the domains, and
main, and that the altered distribution has no tendency eveare therefore equal to each other because they have a com-
over very long timegyears to return to its previous form. mon external cause. An interpretation of the slow mode as
From the prior paragraph, these are the properties expectedising from the terminal viscoelastic relaxation is thus not
for a cluster-forming glasls7,8], and not a frustration-limited necessary as well as is inconsistent with some data.
glass. For solutions of neutral polymers, there does not ap- The glass temperature refers to a property of the solvent-
pear to be a definitive study comparable to Sedlak’s recerftee solid. The systems here are mostly solvent with modest
work. The systematic work of Streletzlgt al, culminating  amounts of added polymer. There are experimental data on
in Ref. [32] and references therein, identified through mul-the significance of a glass temperature for solvent:polymer
tiple paths a characteristic length scale in hydroxypropylcelsystems, notably the temperature and concentration depen-
lulose:water; a well-defined length scale is a characteristic ofience of the diffusion of mesoscopic probes through low-
a frustration-limited glass. While Reffi32] did use multiple  molecular-weight neutralized polyacrylic adig3], interme-
filter sizes, which were not identified as changing experimenediate molecular weight polyacrylic acifi34], and high-
tal outcomes, the work does not completely exclude the posnolecular-weight dextran$35]. The temperature depen-
sibility that the effects seen by Sedlg&8—-40Q are encoun- dence of the probe diffusion coefficieDt, is determined by
tered in hydroxypropylcellulose solutions. the temperature dependence of the solvent viscosiy

An alternative set of models for the slow mode, recentlyOnce the temperature dependencesgfis removed from
reviewed by Canday37], proposes that the mode arisesD,, there was no residual temperature dependencd of
from coupling of concentration fluctuations to fluctuations available for reduction to a glass temperature. These results
and relaxation of viscoelastic stress. This alternative model iare perhaps unsurprising, because most of the mass of each
supported by some of the primarily pre-1990 measurementsystem is solvent, not polymer. Referen{838—35 suggest
largely not considered here. The viscoelastic coupling modethat reduction of data here relative to some glass temperature
seems to face several challenges, including the following. would not have a dramatic outcome.

(a) At very low g, when the diffusive relaxation time is Finally, the glass model makes a different prediction as to
longer than the hypothesized reptation tube-release time, thtie correlation between light scattering and viscosity. There
slow mode is predicted to disappear, contrary to data abovig a lowest concentratiog, at which domains form. Within
indicating that the slow mode is more prominent at low scatthe model, the polymer slow mode is only apparent dor
tering angle. Of course, one may always propose that at stil-c, . At larger concentrations, the number density of do-
lower ¢ one finds the desired behavior. mains increases. The domains make a contribution to the

(b) Specifying the polymer species, polymer molecularsolution viscosity, but only foc>c,. At lower concentra-
weight, and choice of solvertand, hence, the solvent qual- tions, there are no domains. Therefore, a treatment of the
ity) appears within the viscoelastic model to determine thesiscosity, made foc<c,, would not include domains. Ex-
visibility of the mode, contrary to results of Balloge and trapolation of such a treatment to larger concentrations
Tirrell [18]. would break down at=c,. A difference between the actual

(c) Under the viscoelastic coupling model, polymers thatand extrapolated viscosities should therefore begin at the
are too short to entangle have no tubes—according to thgoncentration at which the slow optical mode first becomes
tube models—from which they might escape, lack a progapparent, and should increase as concentration is further in-
longed viscoelastic plateau, and thus should exhibit no slowreased. In exact analogy to the natural temperature variable
mode. However, Sun and Warig@7] find a slow mode in  T—T_. found by Kivelsonet al. [1] to be significant for

solutions of 16.7-kDa polystyrene. Contrariwise, Faraoneylass formation in pure liquids, for solutions the natural con-
et al. [30] found no slow mode in some extremely concen-centration variable should he-c, .

trated, large-molecular-weight polymer solutions that should
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