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Chain dynamics of concentrated polystyrene solutions studied
by depolarized photon-correlation and viscosity measurements

C. S. Lai, J.-H. Juang, and Y.-H. Lin?
Department of Applied Chemistry, National Chiao Tung University, Hsinchu, Taiwan

(Received 7 December 1998; accepted 9 February)1999

Concentrated solutions of nearly monodisperse polystyrene samples in cyclohexane in the theta
condition and in the entanglement-free region have been studied by means of the depolarized
photon-correlation spectroscopy and viscosity measurements. It is shown that the viscoelastic
behavior of the studied systems is described by the Rouse theory and that in agreement with the
theoretical analysis the main polymer dynamic process probed by the depolarized Rayleigh
scattering is basically the reorientational motion associated with a Rouse segment of the polymer
chain, whose relaxation is independent of the scattering angle and the molecular weight. In addition
to the main dynamic process, the tail region of a very fast process associated with the
sub-Rouse-segmental motions can be observed, whose existence is expected from the theoretical
analysis. ©1999 American Institute of PhysidsS0021-96069)51817-5

I. INTRODUCTION shows that the motion basically associated with a Rouse seg-

, ment in the polymer chain can be probed by the depolarized
In a concentrated polymer fluid system, the hydrody-jione seattering. In the very short time region, as expected

namic interactions among segments of the same chain a* m the previous theoretical analyéisi separate process

scr.eﬁgedh b§_3the pLeseqce .Of ﬁtherl chamds n _th%ue to the sub-Rouse-segmental motion can be observed in
neighborhooa. ™ In such a situation, the polymer dynamics jis i region. It is shown that the observed slowest mode

and viscoelasticity are described by the Rouse thédfrthe having aq? dependence, a characteristic of the diffusive

chains are not so long as to form entanglements. From thg,, e 'is due to the leakage of the isotropic scattering arising
viscosity value of the solution of known molecular weight, f.,0 the concentration fluctuation in the solution. Because
one can calculate the relaxation time of the highest Rousg, o qowest mode is well separated from the true depolarized
mode of motion, if the molecular weight of the Rouse seg-, e jts contribution to the measured photon-correlation

ment is knowr?~° Recently it was shown that the chain dY- function can be neatly removed by using the MSWBulti-
namics of a polystyrene melt probed by the depOIa”Ze%xponential singular-value decompositi@nalysis.
photon-correlation spectroscopy was basically the reorienta-

tional motion associated with a Rouse segnfefihe mo-

lecular weight,m, for a Rouse segment of polystyrene was!l- THEORETICAL BACKGROUND

estimated to be around 850 in close agreement with the vaja. Depolarized Rayleigh scattering

ues obtained by other methotig?® The reorientational time . . o .
measured by the depolarized Rayleigh scattering is of the I_n a dyngmlc depola_rlzed Ra_ylelghllllght scattering, one
same order of magnitude as that of the motion associate%xmdles the time-correlation functidn(t)

with a Rouse segment calculated from the viscoelastic data C(t)=<2i2jaiyz[Qi(t)]ajyz[Qj(O)]

using them value. ]

Here we report the results of depolarized photon- xexdlig-(ri(H)—r(0)]), @
correlation measurements of two concentrated solutiahs where a'yZ[Qi(t)] is the yz component of the polarizability
59.832 and 60.287 wtYof polystyrene in cyclohexane at tensor of a chemical bond segmentor a molecule in the
the theta temperatur@5 °C) with molecular weights differ-  case of simple liquidsat timet in a laboratory fixed coordi-
ing by a factor of 2 and both below the entanglement monate system anf};(t) is the orientation angle of segmerait
lecular weight. Experimentally three apparent modes, welpositionr;(t) at timet. Equation(1) is general and is appli-
separated, have been observed. In agreement with the thegable to a medium containing small molecules or polymer
retical analysi$, the main dynamic process observed in themolecules. The depolarized Rayleigh scattering probes the
intermediate time region is independent of the moleculagollective reorientation motion rather than that associated
weight and the scattering angle; and its reorientation time isvith a single molecule or chemical bond segment. The col-
of the same order of magnitude as the relaxation time assgectivity can be expressed in terms of static and dynamic pair
ciated with a single Rouse segment calculated from the viscorrelation between the polarizabilities associated with
cosity of the solution in terms of the Rouse theory. Thisneighboring molecules or segmehtdn the case of polysty-
rene, it has been shown from the measured depolarized scat-
dAuthor to whom correspondence should be addressed. Electronic maifering intensities of melt and solution systems that the static
yhlin@cc.nctu.edu.tw correlation between segments belonging to different chains is
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basically nonexisteri?=1* And the dynamic pair correlation Consider a blend solution consisting of two nearly
is in general much smaller than the static pair correlatfdi. monodisperse polymer components of the same microstruc-
On the basis of neglecting both the static and dynamic paiture but with different molecular weights: Component one
correlation among segments belonging to different chainsvith weight fractionW; has the weight average molecular
and assuming that the size of the polymer coil is muchweight M,,; being just below the entanglement molecular
smaller than the scattering wavelength and that the collectivereight M (determined from the plateau modulus of a high
reorientation time is much shorter than the time needed fomolecular weight sampl&y; M.=4pRT/5Gy), and com-
the center-of-mass of the polymer chain to travel the distancponent two with weight fractionW, has the molecular
of a scattering wavelengtiG(t) for a polymer melt can be weight M, being much larger thaM.. In such a system,
expressed 4s entanglements can occur only among chains of component
_ two, if W, is high enough. As far as reduction of entangle-
CO=[ST(1)+RI(PLu(t)-u(0)]), @ ment by dilution is concerned, component one serves as a
whereP,, is the second-order Legendre polynomial aift)  solvent. It has been shown that the entanglement molecular
the unit vector representing the direction of the symmetryweight denoted ad1; of such a blend solution obeys the
axis of a correlate regiofthe whole region is regarded as a following equationt®%*
Kuhn segment or equivalently a Rouse segmaeiitng the , 1
polymer chain at time, and f¢(t) is a normalized time- Me=MeW, ™. ()
correlation function that reflects the motions associated witlFor a concentrated solution of polymer in a simple solvent of
the local chemical bonds, which is grossly referred to as themall molecules, Eq4) will be basically followed, ifW, is
sub-Rouse-segmental motions and the relaxation streé®igthregarded as the volume fraction of the polymer in the solu-
depends on the details of the bond angles and steric interagon. Thus, Eq(4) can be used as a guideline in preparing a
tions among the chemical bondR.is a constant that is re- concentrated polymer solution, which is free of entangle-
lated to how anisotropic the Kuhn segment is. The relaxatioment.
time of f4(t) denoted ag is much shorter than the reorien- The viscoelastic behavior of a polymer system free of
tation time 7, associated with a Rouser Kuhn) segment, the effects of excluded volume, hydrodynamic interaction,
which is defined as the characteristic time @,[u(t)  and entanglement is described by the Rouse th&dihe
-u(0)]). If each Rouse segment is treated as an elastigtress relaxation modulus of the Rouse theory is given by

dumbbell and undergoes a freely rotational diffusion motion, N—1

; 11

it can be shown thaf G(t)=(CRTM) Y exp(—t/r), ®)
7,={'(b?)/18T= {(b?)/36kT, 3 Pt

where!’ is the friction constant experienced by each bead o/ ith

the elastic dumbbell, which is half the friction constdrfor 7p=Km2M2/[ 24 sirf(mp/2N)N?],

each bead on the Rouse chaifi{’ =2, because the mass of

an elastic dumbbell is equivalent to that of a Rouse segment; [0f P=1,2,3,.N—1, ©®)

and the mass of the bead of the former is half that of thevherec is the concentration of the polymer solution in unit
latten and(b?) the mean-square length of a Rouse segmentof g/cn?; N the number of Rouse beads per polymer chain of
The relaxation off4(t) is often so fast that it is outside the molecular weight M; K the frictional factor K
time window of the photon-correlation spectroscopy or only=(b2)/kT#?m?). And the zero shear viscosity of the
its tail can be observed. In general, main{y?,[u(t) Rouse theory is given by

-u(0)]) is observed in the photon-correlation measurement. 5

For the present studied concentrated solutions of polystyrene 70~ (CRT7/36)KM. @)

in cyclohexane(the depolarized scattering from the solventThus, the frictional factoK of a polymer solution can be
being very weak and relaxing very fast can be neglected calculated from its viscosity value, if the concentratoand
both thefy(t) and(P,[u(t)-u(0)]) processes are observed, molecular weightVl (treated as equal to the weight average

with the former being observed only in its tail region. molecular weight,, here are known. The obtaineld value
can in turn be used to calculate the relaxation timggp
B. Viscoelasticity =1,2,...N—1) of the various Rouse modes of motions

The viscoelastic behavior of a polymer solution can bethrough Eq/(6), if Nis known. FoN>1, the relaxation time

affected by three effectsExcluded volum@!s17 hydrody- of the highest Rouse mode can be approximated by
namic interactior?>® and chain entanglemerit*® One can 7,(=719 in the case ofN=20 for examplg
choose to study a dilute solution at the theta temperature or a T

sufficiently concentrated solution to eliminate the excluded = ¢{(b%)/24T. ®)
volume effect. At a sufficiently high concentration, the hy- The comparison of Eq$3) and(8) gives

drodynamic interactions among segments belonging to the /r=15 ©)
same chain will be screened by the presence of the neighbor- Tol T 29
ing chains as weft=3 At a high concentration, however, en- It is hard to imagine that the reorientation motion of a Rouse
tanglements may occur when the polymer chains are suffisegment in a long polymer chain can be adequately described
ciently long. by a freely rotational diffusion model of an elastic dumbbell
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as assumed in obtaining E(B). In addition, the(P,[ u(t) been measured in the Newtonian region. The density of each

-u(0)]) relaxation observed by depolarized photon-solution was determined by measuring the sample weight
correlation is in general not a single exponential decay, buand the volume it occupies in the sample tube. Before the
rather often has a broad relaxation time distribution. Thussample was prepared, the volumes of the sample twita
Eq. (9) is mainly used to indicate that, and 7, have the the steel ball in i at different fluid level heights and tem-
same order of magnitude. peratures were determined by weighing the proper amounts
of water in the tube. The relative error of the density deter-
mined this way arising from the uncertainty of the level
. EXPERIMENT height reading due to the meniscus on the liquid surface
Two nearly monodisperse polystyrene polymefst should be sma_ll, especi.ally for our purpose, _beca_luse the
With M.=9100. M../M.—1.02- ande2 with M..— 18100 amount of solution con_talne_q in the glass tube is quite _Iarge
w Pwe ' . W " (=10 cm long. The viscosities of the prepared solutions
M,,/M,=1.01 are used to prepare solutions using CyCIOhexilvere measured from 15°C to 40 °C at the interval of 5 de-
ane as solvent. The trace amount of water in the solvent was

. ) . L . rees. The time required for the ball to drop 5 cm in the
removed by soaking with calcium hydride; and the solution : :
. S - solutions ranges about from 40 to 4000 s depending on the
were prepared in a cylindrical sample chlrecision NMR

(nuclear magnetic resonanceibe of 10 mm ODin a dry concentration, molecular weight and temperature. The vis-

box. The prepare@1 solution (denoted ass-F1) andF2 cosity values, which are used to calculate the relaxation
o brep . times in this study, are obtained from averaging six such

solution(denoted a&-F2) have a concentration of 59.832% . : ! o 4

and 60.287% by weight or of 0.552 and 0.556 gicraspec- readings of time, with a standard deviation of 0.5%.

tively. According to the guideline given by Eff), these two We need the viscosity data for correlating with the de-
. polarized photon-correlation results &F1 and S-F2
solutions are expected to be free of entanglemewit, (

—13500 for polystyrerid@?'%. The sample cells were samples. However, it is extremely difficult to prepare the

sealed with a flame under low vacuum. The dust-freeFl/CyCthexane andF 2/cyclohexane solutions for the vis-

. ) cosity measurements at exactly the same concentrations as
samples for the light scattering measurements were then pr

. . . those ofS-F1 andS-F2. However, it is much easier to pre-
pared by using the centrifugal method. The sample was firs . . i

. . .pare a solution with an accurately known concentration
warmed to about 60 °C in the oven and insulated before it.

was put into the centrifugal rotor and then centrifuged aalmed at the close neighborhood of the concentrations of

about 10000 g for 15 h. Because the samples were qui F1 or S-F2. From the viscosity valu.es of two solutions
. : or each systemK1 or F2) prepared this way, we can cal-
viscous, it was necessary to repeat the process about ten ) . . )
. . ) . Culate the viscosity at the concentrationSsfF1 or S-F2; or
times. The details of the depolarized photon-correlation mea: : :
. at a certain chosen concentration common to both systems by

surements are the same as described bé&fore. . . . . :

: : interpolation or extrapolation. For the viscosity measure-

The viscosity measurement of a concentrated polymer

solution is often a problem, because of the solvent evaporagqems’ two solutions at concentrations: 59.618 wt% and
: 0.742 wt%; for theF1/cyclohexane system; and 58.913

tion. Thus, we employ the falling ball method with both the ~ = 0
solution sample and the ball sealed in a glass tube. In thi\évé;: ?)?gpz?éi% wt% for thé2/cyclohexane system have

study a small steel ball with diameter of 0.8 mm and a glass
t_ube v_\nth inner diameter ofl=10 mm are used. The solu- V. VISCOSITY RESULTS
tions in the glass tube were prepared in the same way as
described above fog-F1 andS-F2 samples except for the 60 wt % is between the two concentrations of both sets
centrifugal step. In the measurement, the whole sample tubef samples, whose viscosities have been measured. Thus, we
was immersed in a thermostat with a glass window. A mag<hoose to compare the viscosity valuesFdf/cyclohexane
net was used to move the steel ball to the top of the tube foand F2/cyclohexane solution systems both at the concentra-
each run of measurement. Then the viscosigyof the solu-  tion of 60 wt % obtained by interpolation from the measured
tion can be calculated from the timiéor the ball to travel the  values. As shown in Fig. 1 are the temperature dependence
distance, 1(=5 cm in the present stuglybetween two mark of the viscosity of the-1/cyclohexane ané2/cyclohexane
lines on the glass tube according to the following equation: solution systems at 60 wt% (log, vs 1/T). At such a high
concentration, it is expected that the hydrodynamic interac-
m0=S[2r*(ps~ p)gti91], (19 tions have been well screened and that the viscoelastic be-
where ps and p are the density of the steel ball and the havior of either of the two solutions be described by the
solution, respectively; the radius of the ball andthe gravi-  Rouse theory. Over the temperature range from 15° to 40 °C
tational acceleration ansithe correction factor for the wall including the theta temperatuf85 °C), the ratio of the vis-
effect of the finite diameter size of the tube. The ratio of thecosities of the two systems is between 2.3 and 2.4, which is
ball diameter and the tube diameter(2=0.08) was cho- about 15%—-20% higher than the value 2 expected from the
sen to be practical for the setup on the one side and on tHeouse theornyEq. (7)]. The slightly larger viscosity ratio
other side small enough to require only a small correctionthan expected from the theory may be due to a small differ-
The correction factors is 0.83 for the diameter ratio of ence of the friction factor in the two systems caused by the
0.082* The Deborah numbdd, (=17, /tr, 7, is calculated fact that there are more chain ends in fag/cyclohexane
from the obtained viscosity valligs very small(<1) for all system than in thd-2/cyclohexane system. The effect of
the studied samples, which guarantees that the viscosity hafferent chain end concentrations on the viscosity ratio
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10 3 mode [Egs. (5) and (6)], ,=1.23x10 °s for S-F1; and

] 7,=6.2X10"°s for S-F2. Using the molecular weight for
the Rouse segment setrat=900 and 1000, which giveN
close to an integer for the studied samples, yet close to the
concensus value ah= 850 as mentioned aboYe!° The re-
10° 4 laxation times of the highest Rouse mode are calculated to

] be, for S-F1: 74=3.11x10 ' for N=10; 73=3.86x 10 '
for N=9; and, forS-F2: 7,9=3.85x10 ' for N=20; 74,
=4.76x10 7 for N=18. We can correct the relaxation time
values of S-F1 for the concentration difference between
10% 5 S-F1 andS-F2 and friction coefficient difference between

] the F1 solution and thd-2 solution at the same concentra-
tion as explained above, so that the relaxation timeg bf
andF2 can be compared on the same ba@isjng that of
S-F2 as the comparison bakisThese values of relaxation

n(poise)

10° T T T times, before and after correction, are listed in Table | along
0.0031 00032  0.0033 00034  0.0035 with the average reorientational time extracted from the de-
1T (K™ polarized photon-correlation function.

FIG. 1. The temperature dependence of the viscosity data at 60 wt % of they DEPOLARIZED PHOTON-CORRELATION
F1/cyclhexang[]) and F2/cyclohexandO) systems. FUNCTION

The depolarized photon-correlation function 8fF1

should be small, because the apparent activation energies afid S-F2 are very similar at two scattering anglés- 45°
the two systems are virtually the same: For instance at 35 °@nd 90° as shown in Figs. 2 and 3, respectively. In all these
92 KJ/mole for theF 1/cyclohexane system and 91 KJ/mole decaying curves one can easily discern three modes of mo-
for the F2/cyclohexane system. The 15%—-20% difference intions. The two fast modes appear independent of the molecu-
the friction constant between the two systems is similarlyiar weight and the scattering angle. This is confirmed by the
observed for the relaxation time of the main depolarizeddetailed analysis below. The slowest mode hag alepen-
mode as will be detailed below. Including the hydrodynamicdence, a characteristic of the diffusive mode. In addition, as
interaction, the Rouse—Zimm thedfyives the viscosity be- shown in Fig. 4, its line shape is the same as that of the
ing proportional toM?> which would give the viscosity isotropic scattering arising from the concentration fluctua-
ratio to be 1.4. Thus the viscosity results support the expedion, whose intensity is, in general, much stronger than that
tation that the hydrodynamic interaction be neglected in ouarising from the density fluctuation. Thus, we suspected that
studied systems, and that the polymer dynamics and vist was due to the leakage from the isotropic scattering. We
coelasticity be described by the Rouse theory. purposely rotate the polarization of the analyzer from the

Based on the measured results of the preparebest orientatioriparallel to the optical tabjeby a small angle
F1/cyclohexane an#&2/cyclohexane solutions, the viscosity to enhance the leakage to see how the correlation function
of S-F1 is calculated to be 31.1 poise, and thatSeF2 to  will be affected. As shown in Fig. 5, the slowest mode is
be 80.0 poise at 35°C. From their respective viscosity valenhanced without changing its relaxation characteristics.
ues, we calculate the relaxation times of the lowest Rous&his confirms our suspicion.

TABLE I. The comparison of the average relaxation tifmg, of the(P,[u(t)-u(0)]) mode for S-F1 and S-F2
and the relaxation times of the first Rouse magdeand the highest Rouse modeg:(or 74; for S-F1); and 74,

(or 719; for S-F2. Also shown are the relaxation times of S-F1 after correcting for the small differences in
concentration and friction constant to those corresponding to S-F2.

(7)2(MSVD) 71 78 79 1 717 719
X 107 X 10° X 10 x 107 X 10° x 107 X 10
s s s
F1-45° 11.7
1.23 3.86 3.11
F1-90° 12.3
F2-45° 15.7
6.20 4.76 3.85
F2-90° 14.5
F1-45° 15.2
Correcte@ 1.60 5.02 4.04
F1-90° 16.1

&Corrected for concentration differenfe(60.2865%)#(59.8315% )= 1.13] and friction constant differende
¢(F2)/{(F1)=1.15 at the same concentratjon
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FIG. 2. The depolarized photon-correlation spectr&a&f1 at the scattering

T
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10°

Ga(t)-1
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FIG. 4. The superposition of the depolarizgd) and polarized1) photon-

angle 6=45° (O) and 90°(0J). The solid lines are the calculated spectra Correlation spectra d&-F2 at =45° in the terminal region.

based on the results of the MSVD fittings.

that the distribution{p;} is not normalizegl As shown in

While being unable to obtain a Glan—Thompson prismFig. 6, the relaxation time distribution obtained from the

with the extinction ratio better than our analyzer (£p, we

analysis indicates that the leakage mode and the true depo-

resort to separating the leakage mode from the rest of thrized modes are well separated. The contribution of the

relaxation curve by applying the MSVD analySigo the
measured photon-correlation functigp(t) —1=¢(t)2. In

this approachg(t) is approximated as

d(t)=2, piexp(—t/m)AIn,

where the relaxation times are equally spaced in the loga-
rithmical scale(i.e., In7,,—In=AIn 7=a constant, note

11

leakage mode to the total measured correlation function can
be calculated from the distribution containing the third mode
only. Then the depolarized photon-correlation function can
be recovered by substracting the leakage contribution from
the measured total correlation function. The depolarized
photon-correlation functions recovered from those shown in
Fig. 5 are well superposed on each other as shown in Fig. 7.
This shows that the different degrees of leakage from the

that ¢ as defined here contains the coherence factor; and

10° 5

G,(1)-1

104 UL ML AL SRR

107 10€ 10°° 107

t(sec)

FIG. 3. The depolarized photon-correlation spectr&a#i2 at the scattering

10°

102

10°

107"

102

G,(t)-1

10-3 -

10 T T T T .
107 10€ 108 104 107 102

t(sec)

FIG. 5. The comparison of the depolarized photon-correlation spectra of
S-F2 at the scattering anglé=45° obtained with the polarization of the

angle #=45° (O) and 90°(0J). The solid lines are the calculated spectra analyzer set a#=90° (i.e., perpendicular to that of the polarizé¢©); 93°

based on the results of the MSVD fittings.

(O0); and 96°(A).
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FIG. 6. DistributionrH(7) of the relaxation times obtained from the MSVD FIG. 8. The depolarized spectra 8fF1 at #=45° (l) and 90°(O) ob-
tained by removing the?-dependent “leakage” mode from the measured
at 6=45°. The single peak of the first mode is excluded from the normal-SPectra.

analysis on the measured depolarized photon-correlation spectrGaf-af

ization of the distribution.

the second and the third modes of relaxation time distribu-
isotropic scattering basically have no effect on the recoveretion (Fig. 6), the second and the third modes of relaxation

depolarized correlation function, as long as the leakage dod#ne distribution for the cases @f=90° contact each other.
not overshadow the depolarized mode. For example, the relaxation time distribution $fF2 at 0

We have applied the same MSVD analyses to the other90° is shown in Fig. 10. In this case, the separation of the
measured correlation functions 8fF1 andS-F2. The cal- second and the third modes is made at the minimum point
culated photon-correlation functions based on the results dietween the two modes in the process described above for
the MSVD fittings are shown as the solid lines for compari-recovering the depolarized correlation functions shown in
son with the measured values in Figs. 2 and 3. As shown ifrigs. 8 and 9. A small arbitrariness may have been exercised
Figs. 8 and 9 foiS-F1 andS-F2, the recovered depolarized in this separation process; results shown in Figs. 8 and 9
correlation functions at 45° and 90° following the procedureindicate that the depolarized photon-correlation functions
described above are well superposable on each other. Unlikeom the studied concentrated solutions are independent of
the cases of=45°, where there is clear separation betweerthe scattering angle in agreement with the theoretical analy-
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FIG. 7. The depolarized spectra obtained by removing the slowesFIG. 9. The depolarized spectra 8fF2 at #=45° (H) and 90°(O) ob-
g?-dependent “leakage” mode from those shown in Fig. 5 by using thetained by removing the?-dependent “leakage” mode from the measured

MSVD analyses.

spectra.
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FIG. 10. Distribution7H(7) of the relaxation times obtained from the F|G, 11. The relaxation time distributionsd(7) corresponding to the cor-

MSVD analysis on the measured depolarized photon-correlation spectrurs|ation spectra 08-F1 shown in Fig. 8 forg=45° (lower and 90°(up-

of S-F2 at §=90°. The single peak of the first mode is excluded from the pep The arrows indicate the relaxation time of the highest Rouse mgde

normalization of the distribution. (left) and that of the lowest Rouse mode (right). The single peak of the
first mode is excluded from the normalization of the distribution.

sis. Clearly there exists a very fast mode, whose tail region
only is observed in the depolarized correlation functionsS-F2) and the lowest Rouse mode;. They are indicated
shown in Figs. 8 and 9. The existence of the very fast mod&y an arrow in Figs. 11 and 12. The locations of the highest
is confirmed by the much lower apparent coherence factorRouse modes, being close to main peak region of the relax-
(about 0.3 in average; i.e., the average of the results of thation time distribution of the second modes, is in agreement
studied two solutionsS-F1 and S-F2 at two scattering with the theoretical analysi€Eq. (9)]. The relaxation times
angles 45° and 90°of the depolarized measurements com-of the lowest Rouse modes, being outside and behind the
pared to thoséabout 0.5 in averagef the polarized photon relaxation time distribution of théP,[u(t)-u(0)]) mode, is
correlations of the studied samples, which only exhibit ain agreement with théP,[ u(t)-u(0)]) mode being indepen-
slow diffusive mode(Note: The first point of our correlator dent of molecular weight, except for a small effect due to the
is at 50 nanosecond, which, generally known containing ar-
tifacts, has been eliminated in all the analyses, including the
determination of the coherence factor; and all the first points I i R
in the correlation functions shown in this paper are actually 7
the second points of the correlatoBecause only the tail 02
region of the very fast mode is observed in the time window
of the photon-correlation measurement, the full profile of the
relaxation time distribution of the fagfirst) mode cannot be 0.1 ’_1‘

Y

l g

T H(T)

obtained. Only a single peak for the very fast moderat
=107 is obtained and shown in the relaxation time distri- 0.0
butions of Figs. 11 and 12. As shown in these figures, the l’

rll

relaxation time distributions for the second mode are well
resolved from the first mode. The first mode should be asso-
ciated with the motions of the local chemical segments,
fs(t), while the second mode wittP,[u(t)-u(0)]) of Eq. 0.1
(2). Although the existence df4(t) process has long been
expected based on the theoretical analysis, its present obser-
vation as a distinct mode well separated from the second
mode(P,[u(t)-u(0)]) is the first that we know of. Because 107 10° 10 10
very limited information can be extracted from the tail region (sec)

of the dynamic process, we do not expect to learn much from

it now. FIG. 12. The relaxation time distributiorH(7) corresponding to the cor-

- . - B relation spectra 06-F2 shown in Fig. 9 ford=45° (lower) and 90°(up-
From the viscosity values corresponding to 1 pen. The arrows indicate the relaxation time of the highest Rouse mgde

andS—FZ' samples, we have calculated their relaxation timegyeft) and that of the lowest Rouse mode (right). The single peak of the
of the highest Rouse modey (for S-F1) and 7,7 (for  first mode is excluded from the normalization of the distribution.

0.2

T H(7)

0.0 T T
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weak molecular dependence of the friction factor as furtheeight polystyrene melt can be calculated to be 4.6
discussed below. This result clearly indicates that the depox 1073 s (using m=850) at 127.5°C from the viscoelastic
larized light scattering does not probe the reorientational modata in the transition regioh® This value is in good agree-
tion of the whole polymer chain molecule. ment with the average relaxation tinje)=3.5xX 10" 3s ob-
Using our viscosity data, we can correct one of the twotained by the depolarized photon-correlation spectroscopy.
(7), values(the average relaxation time of the second depo-  |n the present study of concentrated polystyrene solu-
larized scattering mode or theP,[u(t)-u(0)]) mode for  tions, the molecular weight for a Rouse segment is taken to
the slight concentration difference between the two samplese slightly larger than that used in the melt c48@0—1000
As explained above, at the same concentrailotthe narrow  ys 850. This may be justified by the solvent effect to enlarge
concentration range under the present study of visgosit¢  the Rouse segment size somewhat. The obtaigeshd 7,
friction constant in the=2 solution system is about 15%-— (or 74 and ;o) values are smaller than tie), by a factor of
20% higher than that in th&1 solution system. After the 3. In case(b) discussed above, such a factor was not ob-
correction for these two factors, the average relaxation timeserved. The difference can be due to resolution of the sub-
<7‘>2 of S-F1 andS-F2 become nearly identical as shown in Rouse-segmentgﬂ moti(_[[[he fs(t) process in Eq(Z)] from
Table I. Equivalent to the comparison of and 717 with the  the main depolarized modehe (P,[u(t) - u(0)]) procesgin
relaxation time distributions of the second mode®F1  the present case. The two processes could not be resolved in
andS-F2 samples shown in Figs. 11 and 12, their values argoth the(a) and (b) cases discussed above. If the obtained
shown together with th¢r), values in Table I. From the relaxation time distributions iffa) and (b) contain the con-
comparison of therg and 7,7 values with therg and 719 tribution from thef4(t) process, the obtained average relax-
values shown in Table I, the difference between assumingtion time (7 should become smaller than that containing

m=900 or 1000 is quite small. only the(P,[u(t)-u(0)]) process. It is worthwhile to men-
tion that the relaxation time distribution of thP,[u(t)
VI. DISCUSSION AND CONCLUSION -u(0)]) motion in the present studgabout one and half

It is shown that the main relaxation mode observed indécadesis much narrower than those observed for the melt

the depolarized Rayleigh scattering of a concentrated polySystems> five decades This should be related to whether
styrene solution is independent of the scattering angle anti€ first and the second modes can be resolved or not. The
the molecular weight; and can be assigned to the dynamig'oré close interactions among segments in the melt system
mode(P,[u(t)-u(0)]) given in the theoretical analysis. In may contribute to the broader relaxation time distribution
agreement with the theoretical analysis the relaxation time ofd the inseparability of the two processes. .
the(P,[u(t) - u(0)]) mode is of the same order of magnitude In spite of some differences as explained and discussed
as that of the highest Rouse mode calculated from the visabove between the melt systems and the concentrated solu-
cosity data in terms of the Rouse theory. tion systems, the main conclusion of the present and the
The comparison of the average relaxation time obtained@revious studies is that the main relaxation time observed
by the depolarized photon-correlation spectroscopy with thd©m the depolarized photon-correlation spectroscopy and
relaxation time of a single Rouse segment calculated fronih@t of the highest Rouse mode calculated from the vis-
the viscoelastic data had been made for two kinds of p0|y_coelast|c or viscosity data are of the same order of magni-
styrene melt systems recenfiy: tude. In other words, both characterize the motion of a do-
(a) A polystyrene melt studied has a molecular weight 0fma.in of basically the same size-scale in the polymer chain,
850, which is about the estimated value for a single Rous#hich may be referred to as the Rouse segment.
segment. In this melt case, ki@ value (from the depolar- The sub-Rouse-segmental motidy(t) has been ex-
ized photon-correlation measuremehas the same tempera- 'pecte'd from the .theoretlcal analysis of the dynamlc dppolar—
ture dependence as that of the zero shear viscosity measur&§d light scattering from a concentrated polymeric fluid. The
on the same sample. The value calculated from the zero- direct observation of the motion as a separate process in its
shear viscosity value in terms of the elastic dumbbell modef@il région in the present study of the concentrated polysty-
is of the same order of magnitude as thatofbut larger by ~ '€ne solution is the first that we know of. This supports the
a factor of about 2.5-3. The, value being greater was separation of two time domains in the theoretical analysis
attributed to the contribution of the internal viscosity to the'€ading to Eq.(2).
measured zero-shear viscosity. In addition, the polymer,
which can be modeled as a separate elastic dumbbell, is dikcKNOWLEDGMENT
ferent from a Rouse segment belonging to a long chain, . _ . _ .
whose connection of the segments can slow down the reori- 1 NiS work is supported by the National Science Council
entational motion of the Rouse segment and increasegthe (NSC 87-2113-M-009-004
value.
(b) It was Sh.OWI’]. that the.temperature dependence of _thaM. Muthkumar and K. F. Freed, Macromolecul&s 899(1977); 11, 843
average relaxation time obtained from the photon-correlation (1978.
measurement for a high molecular sample prepared by ther’C.J. T. Martel, T. P. Lodge, M. G. Dibbs, T. M. Stokich, R. L. Sammler,
mal polymerizatiof® is identical to that of the zero shear E:l.gé];éCarrlere, and J. L. Schrag, Faraday Symp. Chem. H8c173
viscosity in the high molecular weight regiéhThe relax- 2y poj and s. F. EdwardsThe Theory of Polymer Dynami¢©xford
ation time of the highest Rouse mode of a high molecular University Press, New York, 1986
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