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The dynamics in polystyrene melt and concentrated solution as probed by depolarized photon-correlation

spectroscopy has been shown to reflect the motion associated with a single Rouse segment. In the concentrated

solution case (entanglement-free), the analysis using the frictional fiddfeCB?kT2?n?) extracted from
the viscosity data in terms of the Rouse theory and aided by the Monte Carlo simulation based on the Langevin
equation of the Rouse model confirms the conclusion in a precise manner. In the melt case (entangled), the
Rouse-segmental motion as observed by depolarized photon-correlation spectroscopy is compared. with the
relaxation and the highest Rousklooney normal mode extracted from analyzing the creep complid(tce

of sample A reported in the companion paper. Another well-justified way of defining the struatual (
relaxation time is shown basically to be physically equivalent to the one used previously. On the basis of the
analysis, an optimum choiag = 18#[4 ([l being the average glassy-relaxation time) is made, reflecting
both the temperature dependencéi®f and the effect on the bulk mechanical property by the glassy-relaxation
process. In terms of thus defineg two traditional ways of defining the-relaxation time are compared and
evaluated. It is shown that as the temperature approaches the calorifygtieo modes of temperature
dependencare followed by the dynamic quantities concerning this study: One includes the time constant of
the highest RouseMooney normal modez,; the temperature dependence of the viscosity corrected for the
changes in density and temperatuygsT; and the average correlation time obtained by depolarized photon-
correlation spectroscop¥a.[l The other, being steeper, is followed by theelaxation timers derived from

the glassy-relaxation process and the temperature dependence of the recoverable codpliaaabtained

by Plazek. The comparison of the dynamic quantities clearly differentiates the motion associated with a single
Rouse segment as characterizedrbyr [#.[0from thea-relaxation as characterized by, due to the lack of

clear definition of these two types of motion in the past and the proximity of one to the other in the time
scale—actually the two crossing over each oth@s the temperature is approachifngthe two modes could

be easily confused. Below110 °C, the rate ofiz.[Jchanging with temperature lags behind thatrpfis
explained as due to the loss of effective ergodicity taking place in the system.

1. Introduction it has to be probed in the linear region, for instance, by
measurements of linear viscoelasticity and photon-correlation
function. Furthermore, the Rouse segment as expected to be

is often referred to as the Rouse segment. The distribution of seen he;edlz not at.clear geometnc 'ﬂﬁ"ﬁ"? puttrather IS
the separation between two neighboring beads is described b};epresen €d by an optimum Siz€ or mass that, for instance in an
a Gaussian function. The motion associated with a single Rouseentanglemgnt-free case, allqws the experimental results .to be
segment is basically equivalent to the highest Rouse normal PESt described in terms of tl“hsfreteRouse model for a chain
mode of motion in a polymer chain. If the polymer chain is with a finite number of bead%? In this paper, the theoretical
very long, and we are interested in only the few slowest modes 2SPECt of relating the depolarized photon correlation to vis-
of chain motion—for instance, as mainly reflected by the zero- CO€lasticiy in a concentrated polystyrene system will first be
shear viscosity-the length of chain section assigned to a Rouse €viewed. Then, three related points will be addressed: (1) The
segment is not an issue as long as the chosen section is mucynamics in polystyrene melt and concentrated solution as
smaller than the whole chain and at the same time sufficiently Probed by depolarized photon-correlation spectroscopy has been
long. However, the highest Rouse mode becomes relevant, andhown to reflect the motion associated with a single Rouse
interested in the relatively fa3t-relateda-relaxation that shows it will be illustrated how this is shown in a precise manner in
up in the high-modulus region of a typical viscoelastic spectrum the entanglement-free concentrated solution case. The Rouse-
as the temperature is lowered towafgl12 An ideal Rouse segmental motion in melt (entangled) as observed this way will
segment cannot be found in reality, as the Gaussian functionbe compared with thei-relaxation and the highest Rouse
allows the spring between two beads to be stretched infiritely Mooney normal mode extracted from analyzing the creep
a situation that cannot occur because of the rigidity of chemical complianceJ(t) of sample A reported in the preceding paper
bonds. Thus, if a Rouse segment can be defined experimentally (ref 11)—the results of sample B cannot be used here because
of its contamination by residual plasticizers. (2) In this paper,
*E-mail: yhlin@mail.nctu.edu.tw. another well-justified definition of the structural-) relaxation

The Rouse modeis based on picturing a polymer chain as
a linkage of beads and springs. Each bead spring segment
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TABLE 1: Values of K, s, 7y, [#(4, ty, and 7s of Sample A M,, = 4.69 x 10% at Different Temperatures?

t(°C) K s T FIF) t Ts
1275 4.8x 10°° 2.28x 1073

125 9.08x 107 43x 1073

1145 1.96x 1077 6283 9.3x 102 1.23x 1073 1.78x 10°2 2.21x 10°2
109.6 1.2x 107 10 053 0.569 1.2k 1072 0.186 0.218
104.5 1.2x 10°5 16 337 5.69 0.196 3.39 3.53
100.6 9.7x 10°5 28 275 46 2.74 56.2 49.4

97 9.84x 1074 56 550 467 55.6 1349 1002

a All relaxation times are in unit of s.

time is shown basically to be physically equivalent to the one The frictional factorK in ERT is shown to be independent of
used previously! For reflecting both the temperature depen- molecular weight to as low as just above the entanglement
dence of the glassy-relaxation process accurately and the effecmolecular weighiM. (see Appendix B and Table 1 of ref 11),
on the bulk mechanical property, an optimum chaige= 18- proving the validity of ERT*14-1° The validity of the Rouse
[#[¢ is made. In terms of thus defined, two traditional ways  theory*1415as well as its consistency with ERT by sharing the
of defining thea-relaxation timé are compared and evaluated. same frictional factorK 418 has been extensively tested by
(3) A distinction between the Rouse-segmental motion as studiedexperimental results. It is an important contribution of ERT to
by the depolarized photon-correlation spectroscopy and thebridge the gap between the Rouse and-Eeiwards theories
o-relaxation should be made. Due to the lack of clear definition by showing that they have the same footing at the Rouse-
of these two types of motion in the past and the proximity of segmental level. Because of this result, the frictional faktor
one to the other in the time scale, the mode of motion that should extracted from the viscoelastic results in terms of either the
have been considered as the Rouse-segmental motion could b&ouse theory or ERT can be used in the same way in comparing
confused with thea-relaxationt® Finally, various dynamic with the depolarized photon-correlation results, as done
guantities obtained from analyzing the depolarized photon- previously-10-2%23 and in this study.

correlation and creep compliance results are compared and For both the studies of the motion associated with a single

discussed. Rouse segment and tleerelaxation, the strategy we take is to
use the successful description of the slow (low-frequency)

2. Summary of Molecular Theories of Polymer viscoelastic propertiesfor instance, the zero-shear viscosity and

Viscoelasticity the viscoelastic spectrum from the low-frequency end of the

Successful molecular theories of polymer viscoelasticity in ransition zone to the terminal zon terms of the molecular

the entanglement-free region, the Rouse médetand in the theories as the reference fra.l’él"ré.lvﬂ*23 The molecular theory
entanglement region, the extended reptation mb#e?18.19 used for ana_lly_zmg the experimental results depends on Whe'_cher
have been developed using the Rouse segment as the modf1€ system IS In the entanglement or ent_anglement-free region.
basic—smallest-structural unit. These theories are mean-field | €N, the fr|ct.|onal factoK thus det.ermmed can be used to
theories; the bulk viscoelastic quantity is simply the sum of the c@lculate the time constant of the highest Rouse normal mode
average values from individual model molectfeéThe friction [0 comparison with other dynamic results or be used to
constant: associated with each Rouse segment or equivalently normalize” the a-relaxation time for further comparative

the frictional factorK as defined below is a basic element of analysis. .
such a mean fieldd114-19 In the Rouse model, the relaxation modulGgt) for a

monodisperse polymer of molecular weigtor N; beads is
Qi obtained ak34

)

KT’ G(t) = (%-I)pR(t/tR) 3)

wherem andb are the mass and length of a Rouse segment,
respectivelyK alone carries the temperature dependence of the with

Rouse segment-based relaxation times, which often follows the N1

Fulcher and TammanrfHesse (FTH) equation or the Wil- —t
liams—LandekFerry (WLF) equatiort. The extended reptation ur(titg) = Zex - (4)
theory (ERT}16is developed by incorporating the intramo- = TR

lecular Rouse-type motions into the Ddidwards theory? In ) ) ]
addition to the use of the Rouse segment, ERT contains theWherep is the concentration of the polymer (mass per unit
basic mean-field assumption of the Bddwards theory (i.e., ~ volume) and{z} is given by

the definition of the primitive chain as represented by the

following equation): P qign _ KW
R
i P 2 2| P
M N L RO N , 24KT sin (ZNr) 24N, sz(ZNr)
_Me_Ne_a_ a’ B al @ p=12,..N—-1 (5
whereL denotes the contour length of the primitive chairns ForN; > 1, the zero-shear viscosity may be obtained fi@(t)

the distance between two ends of an entanglement strand withas
massM, or equivalentlyNe (= Mg/m) Rouse segments, a2
K 2
represents the mean square end-to-end distance of a polymer n= fmG(t) dt = K(pRTn )M ©6)
chain with mas$ or equivalentlyN, (= M/m) Rouse segments. 0 36
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If the molecular weight of a Rouse segmem {s known, the normal modeg7h} are independent of molecular weight. At
relaxation time of the highest Rouse viscoelastic normal mode the same time, if the molecular weight is sufficiently higtvkK

(zy) can be calculated according to is at the plateau value 3.3 based on eq 8 of ref 11. The
polystyrene sample studied by Patterson et al. was prepared by
K2t thermal polymerization at 90C. Under such a condition, its
W= oy @) number-average molecular weight is expected to be around

400 000% in other words, it is in the highly entangled region
which is obtained by substituting = N, — 1 into eq 5 and where the plateau value &f/K is applicable, even though its
taking (N, — 1)/N; ~ 1 for N, sufficiently large. The frictional molecular weight distribution is not nearly monodisperse. Thus,
factor in eq 7 can be obtained from the viscosity data analyzed We can use the abovevalue at 127.5C and the ratid'/K =
in terms of eq 6. Thus, from the viscosity measurement, the 3.3 to obtainK'. As explained in ref 11, the mass of a Rouse

information of the Rouse-segmental motion characterized by Segment of polystyrener) being about 8501221233233 eads
7y can be obtained. In this paper, all the relaxation times are t0 Ne = 16. Using the value oK’ obtained as described above

given in the unit of seconds, and the molecular mass&dVie, andN. = 16 or equivalentlym = 850, we can calculate, ~
andm, are in the unit of Daltons. Thuk, has the unitof /DA T, from eq 7 or eq 5 (witiK substituted byK’; andN; replac-

A summary of ERT has been given in the companion paper ed byNe = 16) to be 5.1x 103 sec, which, clearly as expected,
(egs 1 and 2). The relaxation times of thg(t), ux(t), us(t), is of the same order of magnitude as fh¢ value at 127.5C,
and uc(t) processes are each expressed as a product of the3.5 x 1073, obtained from Patterson’s results by interpolation.
frictional factor K (denoted byK' for ua(t)) and a structural In the case of polystyrene, it has been shown that the effective

factor. Except for theia(t) process, we refer all the functional ~ optical anisotropy per monomer unit from polystyrene in melt
forms of the relaxation processes and their respective charac-and in solution (cyclohexane as the solvent, whose depolarized

teristic (relaxation) times to previous publicaticti§. 18 As first light scattering is negligible) is the sarffe?® indicating that
shown by Mooney;16:2425 y,(t/za) and 5 have the same the static correlation between segments belongindifterent
forms asur(t/zr) and % (eqs 4 and 5), respectively, wikd chains is nil. And the dynamic pair correlation is in general

replaced byMe andN; replaced byNe. In applying the equation ~ Much smaller than the static pair correlat®i® On the basis
for 72, the frictional factork needs to be replaced b as of neglecting both the static and dynamic pair correlation among
giver?’by eq 8 of ref 11. segments belonging to different chains and assuming that the

size of the polymer coil is much smaller than the scattering

3. Rouse-Segmental Motion as Probed by Depolarized wavelength and that the collective reorientation time is much
Photon-Correlation Spectroscopy shorter than the time needed for the center-of-mass of the
) polymer chain to travel the distance of a scattering wavelength,

The usual mode of photon-correlation spectroseogsif- the time-correlation function for depolarized Rayleigh light

beating-is based on the condition that the scattered light field gcattering can be expressed #2t23

obeys Gaussian statistit®?’ This makes it particularly suitable

and popular for probing dynamics in systems “populated” by C(t) = [S(t) + RIP,[u(t)-u(0)]0 (8)

Brownian particles as exemplified by the numerous studies of

polymer chain dynamics in solutioR$28Depolarized dynamic ~ whereP;, is the second-order Legendre polynomiaf) is the

light scattering being much affected by the fast fluctuations of unit vector representing the direction of the symmetry axis of

polarizability anisotropy, it is expected that depolarized photon- a correlated regionthe whole region is regarded as a Kuhn

correlation spectroscopy mainly probes the reorientation motion segment or equivalently a Rouse segniénialong the polymer

of a correlated regiof? Since the Rouse segment is the most chain at timet; fgt) is a normalized time-correlation function

basic Brownian particle in the Rouse model, which describes that reflects the motions associated with the local chemical

very well the polymer viscoelastic behavior over at least the bonds, which are grossly referred to as the sub-Rouse-segmental

intermediate- and long-time regions of an entanglement-free motion; the relaxation streng®depends on the details of bond

concentrated systefri*15the depolarized photon-correlation angles and steric interactions among chemical bondsRdasd

function may provide the information about the motion of a a constant that is related to how anisotropic the correlated region

single Rouse segment. Such an expectation is borne out byis.

recent studi€s'92+23 as summarized below: The depolarized photon-correlation functions of two entangle-
Depolarized photon-correlation spectroscopy was first used ment-free concentrated solutionsG0 wt %) of polystyrene

to study the chain dynamics in a well-entangled polystyrene with M,, = 9100;M,/M,, = 1.02, andVl,, = 18 100;M/M,, =

melt by Patterson et &It was later pointed out by LftCthat 1.01 in cyclohexane at thecondition (i.e., at 353C)—denoted

the average correlation tini@.Jobtained by Patterson follows by samples S1 (59.832 wt %; 0.552 gRrand S2 (60.287 wt

the same temperature dependence as that of viscosity of nearly?; 0.556 g/crd), respectively-have been measured and

monodisperse polystyrene samples obtained by Plazek andanalyzed?®~23 Along with the depolarized photon-correlation

O’Rourke® from 130 to 110°C (see Figure 5; the correction  measurements, two solution samples with accurately determined

for the changes in density and temperature as made in the figureconcentrations in the close neighborhood of the concentration

causes only a negligible difference). The(value changing of each of the two samples, S1 and S2, are prepared for viscosity

by a factor as large as 356 over this temperature range, themeasurements by the falling-ball method, which, with both the

agreement is significant, suggesting strongly that the observedball and solution sealed in a glass tube, is particularly good for

time constant is basically, (i.e., of the same order of studying solution systems as solvent evaporation can be

magnitude) as given by eq 7, which shares the same frictional prevented. Then, by interpolation or extrapolation, the viscosity

factorK as that of viscosity (eq 6). values at the concentrations of samples S1 and S2 can be
K of polystyrene at 127.8C is given by the average value individually determined; subsequently, thejr values can be

listed in Table 1 of ref 11 to be 5.% 107° 4+ 10%. The calculated (eqs 6 and 7) for comparison with their depolarized

structural factors of the relaxation times of the Roubtoney photon-correlation results. Furthermore, the obtained information



Motion Associate with a Rouse Segment J. Phys. Chem. B, Vol. 109, No. 37, 20067673

of the concentration dependence of viscosity allows the viscosity 100 4l
results to be compared under the same concentration and can ]
be used to correct for the small concentration difference between ]
samples S1 and S2 when their depolarized photon-correlation 107 4
results are compared. The discussions below are all based on ]
the results after the corrections have been made; the details of
the corrections can be found in ref 21.

The obtained molecular weight dependence of viscosity at
the same concentration (60 wt %) indicates that the Rouse theory
is applicable; in other words, the concentrations of the studied
polystyrene solutions are high enough to screen out the
hydrodynamic interactiorsThis conclusion is further confirmed
by analyses in terms of the Rouse theory in other aspects of w1 e e
experiments as will be described below. Through the multiex- time steps (t/At)
p_onentlal smgglar \_/alue_de_conjposmon (MSVD) a”?'%'a’ Figure 1. Comparison of thelP,[u(0)-u(t)](@ dynamic processes
bimodal re"f‘xat'on't'me d'smbunlon can c!early be obtained from piained from the depolarized photon-correlation functions of the S1
the depolarized photon-correlation functions of both S1 and S2, (0) and S2 @) samples and the simulation results of the Rouse chain
as corresponding to the two modes of motion in eq 8. Becausewith N; = 8 (the left solid line) and witiN; = 16 (the right solid line).
of the limitation of the time window of photon-correlation
spectroscopy, only the tail region of the fast mofdg) can be
observed. Thus, as far as the fast mode is concerned, one ca
only show its existence from the MSVD analysis. However,
much information about the slow mod®, [u(t)-u(0)]Chas been
obtained from the analysis of the experimental resiit&’ It
has been shown that the slow mode, with a rather narrow
relaxation-time distributiorrextending over slightly less than
two decades, immdependent of scattering angle and molecular
weightin accordance with eq 8. In the polystyrene melt case,
the depolarized photon-correlation function is well-described
by the stretched exponential form with the stretching exponent
p near 0.4. This corresponds to a unimodal broad relaxation-
time distribution, covering more than five decadé3he fact
that the two modes of motion as contained in eq 8 cannot be
separated in melt as in the concentrated-solution case is
explained as due to the stronger interactions among segments |
causing the two modes to overlap extensively.

<C,(t>’

107 E

104

is the reorientation motion of a Rouse segment. The mass of a
rI$ouse segment obtained for the studied concentrated polystyrene
solutions,m = 1130, is about 25% larger than that in the melt.
This small difference should be due to the presence of solvent;
indeed, the small solvent-enhancement effect is about that
expected from the concentration dependence of the Rouse
segment size obtained by Inoue et'afrom analyzing the
dynamic mechanical and birefringence restttse expectedn

value at the studied concentration is about 1100 versus 850 in
the melt (see Figure 10 of ref 12). The agreement between the
two independent studies based on very different prertfises
reconfirms that the Rouse segment size can be defined and that
the motion associated with a single Rouse segment can indeed
be studied; in other words, the study of the Rouse-segmental
motion as presented above is well supported.

In summing up the above studies of polystyrene melt and
ncentrated solutions, we can notice differences and common
points: The differences between the melt case and the concen-

Assumingu(t) = b(t)/[b(t)|, the time-correlation functio®>-  trated solution case are mainly two: (1) The relaxation-time
[u()-u(0)]0can be calculated by the Monte Carlo simulation  distribution is much broader in the former than in the latter and
based on the Langevin equation of the Rouse mbefehlso, (2) the @y ratio is smaller in the former than in the latter

from the simulation, the ratio between (corresponding to eq  (denoted by(Z(J/z, in the latter case). These two differences
7) and the average correlation tifa&lobtained from integrating  can be accounted for by the stronger interactions among
the simulated [P,[u(t)-u(0)]U curve can be calculated for segments in the mettin the concentrated solution case, the
comparison with the experimental results/z, ([Z[3 denotes interactions among segments can be much reduced by the
the average correlation time of the slow mode obtained from “|yprication” of the solvent molecules. Due to the stronger
resolving the measured photon-correlation function, whilis interactions in the melt case, the fast and slow modes as
calculated from the viscosity data through egs 6 and 7). In contained in eq 8 overlap extensively; the photon-correlation
comparing the analyses of the depolarized photon-correlation function cannot be resolved into the two modes. While the effect
function, viscosity, and Monte Carlo simulation results, we have |eads to a broad unimodal relaxation-time distributi®?f the
found thatm = 1130 gives a good overall agreement. Corre- fast component in the distribution also causes the observed
sponding tom = 1130,N; = 8 and 16 for samples S1 and S2, average relaxation timg&.(to be smaller than when only the
respectively. From the results of the depolarized photon- slow component contributes to it as in the concentrated solution
correlation function and viscosity, we obtainétii/r, = 2.4 case. The main shared common point is the applicability of the
and 2.6 for samples S1 and S2, respectively; from the simulation,Rouse modeteither asur(t/zr) or asua(t/ta), which is a part

we obtainedzlfr, = 2.2 and 2.5 foN; = 8 and 16, respectively.  of ERT—in relating the viscoelasticity results to the dynamics
Furthermore, as shown in Figure 1, the line shapes of the time-observed by depolarized photon-correlation spectroscopy. As
correlation functions of the slow mode of both samples S1 and the melt system and the concentrated solution system dt the
S2 (denoted by[Cy(t)[) are in close agreement with the point are very similar dynamically and thermodynamically
simulation results ofP,[u(t)-u(0)]Cfor N, = 8 and 16. Thus, both free of the hydrodynamic interactions and excluded-volume
despite the crudeness of the Rouse segment, the effect of chairffecf—the precise analysis achieved in the concentrated
connectivity as contained in the Rouse model can quite fully solution case lends additional support to the analysis of the melt
account for the detailed aspect of the dynamics as showing upresults, in which some of the details are prevented by the much
in the depolarized photon-correlation function and its relation broader relaxation-time distribution &(t) from being revealed.
with viscosity, supporting the physical picture that the dynamic  In summary, the recent studies as briefly described above
process probed by depolarized photon-correlation spectroscopyconfirm the initial expectation that the motion of a single Rouse
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segment can be studied by depolarized photon-correlationcal complexity occurring i(t) as the temperature is ned.
spectroscopy. This conclusion has a bearing on the comparisonAs also shown in ref 11, unlike the extensive overlapping of
of the a-relaxation with the highest Rous&looney normal the different processes ii{t), the individual processes can be
mode, both extracted from the creep compliad(teas reported clearly shown in theG(t) form. Based on the obtaine@(t)

in ref 11. results, a structural relaxation time was defined as the time
o . when G/R has declined to 3 as described in detail in ref 11.
4. a-Relaxation in Creep Compliance The thus defined structural relaxation time becomes greater than

With G(t) known—for instance as given by egs 1, 4, and 5 7y just before the temperature reacfgsindicating vitrification

of ref 11—J(t) can be calculated numerically by the method of at the Rouse-segmental level. S )
Hopkins and Hammin&4! It has been shown in detail in ref As will be shown below,. the structural .relaxatlon.tlme defined
11 that the rubber(like)-to-fluid region of Plazekig) results ~ PY G/R = 3 can be considered as basically equivalent to the
of two nearly monodisperse polystyrene samfiéscan be ;o-calleda-relaxatlon tlme._ln t_he literature, :h&relaxatlon
well-described by ERT and that the dynamic information of me has been “defined” in different was} such as the
the glassy-relaxation process as contained in the small-compli-rec'proc"’1I of the frequency at the peak of taand the r.ec:|pro(c§:gal
ance/short-time region aft) can be meaningfully extracted by ~ ©f thenf?requency at which the storage moduliifw) is at 1

using the successful description of the rubber(like)-to-fluid P'Y”"? ; The relaxatlon time defined in any_of these ways can
region in terms of ERT as the reference frame. The glassy- " principle be determined clearly by experiment. However, it

relaxation process is found to be well described by the stretchegdoes not really chargcterizes a relaxation process in a simple
exponential form and clear manner; with a temperature change, it is affected not

only by the intrinsic temperature dependence of the relaxation
t\s rocess that matters but also by the change in the line shape of
Aga(lite) = As ex;{—(%) ] ©) Fhe viscoelastic spectrum (nam)ély, the thegrmorheological CF())m-
plexity). The structural relaxation time defined as the time when
as incorporated into eq 4 of ref 11. In the whole relaxation- G/R = 3 has a similar defect.
time distribution, the glassy-relaxation region is situated in a  To further illustrate the physical effect on the bulk mechanical
certain position relative to the rubber(like)-to-fluid region, where property by the glassy relaxation, another analysis will be made
all the relaxation times are proportional to the frictional factor below. This analysis confirms the basic physical uniqueness of

K. The relative position has been expressed by 7s as defined by the time whe®/R = 3. On the basis of these
findings, an optimum definition fots is chosen, which has an
[ld = sK (10) unambiguous meaning in its temperature dependence and at the

. . . same time properly reflects the effect on the bulk property by
wheres is a proportional constant and has the unit of Dalton he glassy relaxation. And it will be shown below that the thus
square. The parametsrrepresents .the glassy-relaxation imé definedrsis very close to thew-relaxation time defined by one
with K fixed at 1 or any constant; it is regarded as a normalized ¢ the traditional ways.

glassy-relaxation time. In the vicinity ofy, the parametes We consider that the time when the absolute value of the

increases with decreasing temperature, reflecting the ther-giope d(log G(t))/d(log t), denoted byH, reaches its first
morheological complexity between the glassy-relaxation process, maximum reflects a unique physical meaning associated with

Acuc(t), and the ERT processega(t), ux(t), #s(t), anduc(t), the glassy-relaxation process as explained in the following: As
in the rubber-to-fluid region and indicating the existence of a gpgwn previously and mentioned above, tht) process can
structural length scale as discussed in detail in ref 11. be well-described by the stretched exponential form \dita

Sample B whose)(t) results were analyzed in ref 11 is 0 41 which is very much independent of temperature. In the
contaminated by residual plasticizers; Kigalue extracted from high-modulus/short-time region where the glassy-relaxation
it cannot be used for comparing with studies on normal ,rocess dominates

(uncontaminated) samples. Thus, in this report, we only discuss

the results of sample A. It has been found for sample AQat d(log G(t)) t\s
(= 5482) and the stretching parameteg= 0.41) are very much = ‘W = (_)
independent of temperature, whencreases with decreasing
temperature significanttyby about an order of magnitude over  As shown in Figure 2, initially following eq 11, lo increases
the covered temperature range. The obtaidexhdsvalues at  with log t with a slope off = 0.41, indicating a gradually steeper
different temperatures for sample A are listed in Table 1. Using decline of logG(t) with log t. At the time, denoted b, when

T 11

the obtained ands values in ther? equation (i.e. eq 5 witk H reaches its first maximum, while theate of the glassy-
replaced byK' = 1.61K as calculated from eq 8 of ref 11 fdt relaxation process has the greatest influence, its modulus
= 4.69 x 10% M replaced byMg; andN; replaced byN. = 16) magnitude is losing its dominance as deviation from eq 11

and eq 10, the, ~ r,lf and [#[g values at different tempera-  begins taking place. As it turns out, the location of tHe
tures can be, respectively, calculated as also shown in Table 1.maximum occurs in the neighborhood of the structural relaxation
One may calculate thd(t) curves at different temperatures time defined as the time whé&/R = 3. The obtained, values
in real timewith the K ands values shown in Table 1. Instead at different temperatures are listed in Table 1, which occur in
of doing this way, the comparisons of thg) curves of sample  the range of 1525 [z[g, depending on the temperature. The
A measured at different temperatures to those calculated with obtainedz[g values occur in the too short-time region to clearly
K fixed at 5x 1079 and thes values listed in Table 1 are shown reflect the dynamic effect of the glassy-relaxation process on
in Figure 1 of ref 11. This illustrates using the description of the bulk mechanical property; however, they carry the intrinsic
the rubber(like)-to-fluid region of(t) in terms of ERT as the  temperature dependence of the glassy-relaxation process. To
reference frame to show the effect of temperature on the glassy-have the benefits of botty, and[z(g, we redefine the structural
relaxation process; such a comparison serves the purpose ofelaxation time arbitrarily ags = 18[%[¢, whose values at
reflecting and characterizing in perspective the thermorheologi- different temperatures are also listed in Table 1. Allowing a
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(- -) spectra of sample corresponding to those shown in Figure 3: a,
for 114.5°C; b, for 104.5°C; c, for 97°C. Also shown are thes =
0.7ks values (right/ for a; middle! for b; left ¥ for c) calculated with

K fixed at 5x 1079 and the respectivevalues listed in Table 1; and

Figure 2. H indicating the declining rate of loG(t) vs logt, as defined

in the text, is shown as a function of time for sample A at 114.5, 109.6,
104.5, 100.6, and 97C corresponding to lines from left to right,
respectively; all calculated witk fixed at 5x 107° and the respective

s values listed in Table 1.

thew, = 0.7k, value (1) calculated with the sami€. The upper dotted
line is G'(w) calculated without théguc(t) term; the lower dotted line

e I I IS is calculated without botiguc(t) andua(t).
e
ol /1-:7/'5?/"" RSN In Figure 4, the frequency corresponding to the highest
— a4 Rouse-Mooney normal modep, = 0.7f,, is also indicated.
§ ] 7 //;-/ 72 One can see that at a temperature between 104.5 at(@, @&
g 10" g vy /./ 3 becomes smaller tham,, signaling the initiation of vitrification
2 /,-//-//./ at the Rouse-segmental level, a prelude to the glass transition.
3 10 o E This was pointed out in terms of the previously defined
o i 7 structural-relaxation timé& which reflected the similar effect
2 w0k /,/-/' 4 of the glassy-relaxation process. In fact, as values of the
o ; 7 E previously definedrs at different temperatures are very close
el 7 ] to the values based on the present definition (see Table 2 of ref
E/ ] 11), the discussion of the physical role of the structural
| Y / . 1 . 1 ) . ) ] relaxation in terms ofs defined byG/R = 3 remains essentially
Y Tl e e e e e e e 1 the same as in terms of the above-defingdwhich has the
Fre additional advantage that, as shown below, its temperature
quency (rad/sec)

dependence can be unambiguously compared with those of other

Figure 3. Comparison of the storage- and loss-modulus speGtra, . "
dynamic quantities.

(w) andG"(w), of sample A at 114.5), 104.5 - —), and 97°C
(— - - —) all calculated withK fixed at 5x 107° and the respective )
values listed in Table 1. 5. Comparison of the Temperature Dependences of

20% deviation from this somewhat arbitrarily chosep-for Various Dynamic Quantities

instance one may as well choose= 22[#[¢—the main point

For showing the chain dynamics in the polystyrene melt in
that will be explained in terms of the defined remains the

perspective, the above analyses and discussions of the depo-
same. larized photon-correlation results and the creep complidfire

For comparing the above-definad with the a-relaxation can be put together by comparing the temperature dependences
time defined in the literature, the storage-, loss-modulus, and of the obtained dynamic quantities. The comparison, while
tano spectra of sample A are shown in Figures 3 and 4, all the confirming the validity of the physical picture in terms of which
spectra being “normalized” with respectko= 5 x 107° (see we have extensively analyzed the experimental results, sum-
the Appendix for the calculations of the spectra). As, being marizes the different physical roles as represented by these
basically a mirror image, th&'(w) spectrum has a close match dynamic quantities.
to G(t) if @ = 0.7t is used in the conversion between time and ~ Shown in Figure 5 are tha.[values obtained by Patterséh;
frequency, we defines = 0.7/rs.*® The thus defineds values the values ofry and ts as listed in Table 1; the temperature
at 114.5, 104.5, and 9T are compared in Figure 4 with what dependence of the viscosity corrected for changes in density
have been used traditionally: at the peak ofdaand atG'(w) and temperaturey/pT;3%42and the temperature dependence of
= 10 dyn/cn?. It can be seen that thes values at the three  the recoverable complianci(t) obtained by Plaze®4? 1t is
shown temperatures occur in the close neighborhood of theclear from the comparison that these dynamic quantities follow
frequencies where the respective storage-modulus has the valuéwo distinctly different modes of temperature dependence: One,
18 dyn/cn¥; however, they deviate considerably from the being steeper, is followed bys and Ji(t); the other one is
respective frequencies at the tatmaximum. In a case where  followed by 7, @[] and#/pT. In Figure 5, the unit scale on
a careful analysis as done in this study is not feasible, using the vertical axis is for, andzs; the showrz.[Jpoints represent
G'(w) = 1 dyn/cn? as the criterion for deciding the-relax- Patterson’s values multiplied by 0.7%and then/pT values
ation time may be a good choice except bearing that the thusand the shift factors id,(t), as shown, have been individually
determined relaxation time does not follow exactly the temper- multiplied by a proper factor so that they are superposed closely
ature dependence &f(g as the above-defineds does. on the data points of, andrs, respectively. In the figure one
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o 120°C 110°C 100°C the temperature dependencemfand /pT is treated as the

| ' ‘ same in most discussions in this paper.
] The steeper temperature dependencerf(or Ji(t)) in
comparison with that oty (or #/pT) reflects the thermorheo-
] logical complexity inJ(t). At slightly above 100C, s crosses
overt,, signaling vitrification at the Rouse-segmental level. The
4 crossing over is illustrated here in the real time scale as opposed
to that shown in Figure 4 in a normalized time scale.
3 As pointed out above, the temperature dependendg.of
becomes less steep than thatzefbelow 110°C, indicating
surely that the dynamics observed by depolarized photon-
correlation spectroscopy cannot be associated withother
glassy-relaxation process, whose temperature dependence is
steeper than that af. Furthermore, the glassy-relaxation process

100 |

10! |

T,.Tg (sec.)

o |

245 250 255 2,60 265 270 275 should very much involve strong interactions among segments
1000/T (K belonging to different chains; in contrast, the effective optical
Figure 5. Comparison ot, (@), 0.77z.[(H), andrs (O) as a function a”iSQtrOPy per monomer un_it of polystyrene in_ bulk and in
of temperature with the temperature dependence;/pT (—; the solution is the same indicating that the dynamics probed by
extended line below 1045 is indicated by:+) andJ(t) (— - —); see depolarized photon-correlation spectroscopy does not involve
the text. correlation between segments belonging to different chains.
Theoretically, one should not expect such an association either,
can note that the temperature dependencefabove~110 as the photon-correlation measurement is based on the condition
°C is parallel with and below110°C becomes less steep than that the optical field obeys Gaussian statistics, requiring that
that ofz, and#/pT. The reason for the divergence belevi 10 the studied system be ergodic; as opposed to this, the emerging

°C will be explained below. In the steeper mode, the temperaturegreater role of the glassy-relaxation process causes the loss of
dependence afs and that ofJ,(t) are closely parallel with each  effective ergodicity as the temperature approachgsihile
other, representing the consistency between the two means othe parallel temperature dependence betweagnand 7, (or
obtaining the temperature dependence of the creep compliance;/pT) above 110°C supports associating the dynamic process
J(t) in the small-compliance/short-time region: One is obtained observed by depolarized photon-correlation spectroscopy with
from the analysis of thé(t) results in terms of the combination  the motion of a Rouse segment, as discussed in Section 3; below
of egs 1, 4, and 5 of ref 11, while the other is obtained through ~110°C, the gradual loss of ergodicity can have an effect on

empirical data reduction by Plazé¥%?? the dynamics as actually probed by depolarized photon-
The temperature dependence ipfis calculated using the correlation spectroscopy. Especially, since the longest delay-
equation obtained by Plazek and O’'Row@¥& from the least- time used in the photon-correlation measurement by Patterson

squares fitting to the data of sample A measured in the region €t 8*> is 1 s, the loss of effective ergodicty is a factor that
>104.5°C. This temperature dependence is in close agreementc@nnot be ignored as; exceed 1 s ataround 107°C, and the
with those of other nearly monodisperse samples with a highera‘:tufIIIy measured [ value exceeds 1 s. at just slightly below
molecular weight to the lowest temperatcrways higher than ~ +10 °C. As shown by Pusey and van Meg#rif the intensity

104.5°C—which is covered by the viscosity measurements of correlation function measured on a non-ergodic medium is
each individual sampR.As 7,, being calculated frorK, reflects analyzed by the method normally used for an ergodic medium,

the temperature dependencekofind the zero-shear viscosity the a?pare?trate sghobftained (;an be gréeater fjhan tr;]e real rate
is dominated by the dynamic processes whose temperatureﬁ?’ al argefacftfor. i € aC‘gf‘.’t cpurie Iepen Ps on how dsevere
dependence is determined Ky-the contribution fromAguc(t) € 10Ss of efiective ergodicily 1S. Applying FUSey and van

being in general negligibly small, the temperature dependence'I\D/Ietgt-:""m’S antalyl/3|s here, tr:edatppgrﬁtﬁ]vlftluttaﬁ ok;thalned Ibyl
of 7, and that ofy/pT agree closely above 104°€. With the aterson e al. are expected o be smater than the real vaiues

guidance of the calculated{t) curves, the frictional factokK, '?oeIgg\(lzL}rlgscéxwlhzggzgoarggvlgsir?ifse;?ggygxerl%ci)r?slc'g]yebv(\a/ggllfer
which is used to calculate thg value, can be determined at a temperature dep endence@&[iﬁ combarison wFi)th that of/oT
temperature as low as the calorimetfig(see Figure 1 of ref P P P P

11). As opposed to this, the viscosity of sample A could be or 7y below ~110°C as shown in Figure 5.
determined only down to 104% 3%42However, below 104.5
°C, the extendedy/pT curve based on the same viscosity
equation and they data points still have a good agreement.  Because of the large number of atoms and degrees of freedom
The agreement between the temperature dependencearud in a chain molecule, a polymer is rich in its dynamics, with its
nlpT as described above supports that Kiealues listed in  relaxation-time distribution covering many decades. Different
Table 1 have been correctly determined. To examine the probing techniques are sensitive to different aspects of chain
comparison more closely, one may notice that when the dynamics. To understand the chain dynamics in perspective, it

6. Summary

temperature is close ffy, theAguc(t) contribution to the zero-  is advisable to use different probing techniques to investigate
shear viscosity becomes slightly noticeable in the flow region the same (kind of) system; at the same time, it is desirable to
of the J(t) curve (see Figure 1 of ref 11)) because thealue relate the data obtained by the different techniques to one

becomes large and, due to the molecular weight being not large,another through theoretical analyses and/or simulations. In this
the terminal region of sample A is not far away in time. This paper together with the companion paper, we show how the
effect may account for the slight tilt-up of thgpT curve in results of polystyrene obtained by the viscoelasticity and

comparison to the, points at temperatures close to 104G depolarized photon-correlation measurements are combined,
as vaguely suggested in Figure 5. As the effect is very small, giving a comprehensive picture of the dynamic processes in
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the short-time region. The basic reason for the two techniquestimest that fall in a small time intervalA log z, equally spaced
being particularly complementary to each other is that both probe in the logt scale, giving the relaxation-time distribution with a
the Brownian motion. From a preliminary analysis of experi- resolution as high as one practically desires. On the other hand,
mental results, it was shown that the dynamics in polystyrene the relaxation-time distribution of th&gug(t) term with ug(t)

melt probed by depolarized photon-correlation spectroscopy given by eq 5 can be calculated numericdflyzor the present
should reflect the motion associated with a single Rouse calculations, the resolution of 100 subdivisions per decade has
segment. In the case of the concentrated polystyrene solution,been used throughout, which is more than ample. The total
the analysis benefiting from the Monte Carlo simulation has a relaxation-time distribution can be formed from the distributions
high resolution confirming in a precise manner the interpretation obtained for the two separate portions in accordance with the
of the depolarized photon-correlation results. By this it dem- theoretical form as given by eqs 1 and 4. The obtained total
onstrates that the size of a Rouse segment can be definedelaxation-time distribution is first checked by calculating
experimentally-in agreement with Inoue et &812—and that numerically thei(t) curves for comparison with those calculated
its motion can be studied. That the temperature dependence ofrom egs 1, 4, and 5 directly (i.e., those shown in Figure 6 of

[#.[is parallel with that ofr, rather than that ofs is a logical ref 11). Absolutely no discrepancy can be noticed between the
consequence. As much discussed in the preceding papsing two sets ofG(t) curves. With the relaxation-time distributions
the description of the Brownian dynamic processes(thin confirmed this way, the spectra of storage and loss modulus,
terms of ERT as the reference frame in the analysis over theand thus of loss tangent, can be calculated numerically in a
whole range, the glassy-relaxation process (namelygthe- straightforward manner. This approach of calcula®\@), G"-

laxation) is characterized, showing that the thermorheological (w), and tard from G(t)—free of the approximation that is often
complexity inJ(t) as first observed by Plazek is closely related involved in the conversion between the time and frequency
to the loss of ergodicity in approachiny. The temperature  domain§—is possible only because the theoretical fornG¢t)

dependence dfi.[lbecoming less steep than thatmfbelow is known. As the measurement conditiersich as the use of
110°C can be explained as due to the increasing loss of effective the frictionless magnetic bearing and the control of temperature
ergodicty when the temperature is lowered towagd in the creep experiment by Plazek are far more stringent than

In this study we have examined the Rouse-segmental motionnormally taken, the show@®'(w), G"(w), and tand spectra
in polystyrene as probed by depolarized photon-correlation derived faithfully from the quantitative description of Plazek’s
spectroscopy in the light of the information obtained from the J(t) results should be much more reliable than ever obtained
analysis of thel(t) results as reported in the companion paper. directly from a strain-controlled measurement.
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