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Intramolecular dynamics of polystyrene in good solvents
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ABSTRACT

Dynamic light scattering data are interpreted to obtain the longest
intrawmolecular relaxation time, T; and the relative amplitiude of the scat-
tering from intramolecular and center of mass translational diffusive decay
modes, PO/P, for a polystyrene (PS) of high molecular weight M, = 8.42X10°,
in two good solvent systems, ethylbenzene (ETBZ) and tetrahydrofuran (THF)
at 25°C. Comparison of T; data with the Rouse-Zimm theory, Tj=M[ning/AjRT,
indicates differences in the value of the draining parameter A; between
these two solvent systems. In addition, the relative scattering amplitude
of the diffusive scattering for a single coil, (P,/P).-,, decreases more
rapidly with qR, for PS in THF. Thus the scattering amplitude of the intra-
molecular norma% modes of motion of PS in THF, for a specified value of q
are substantially larger than those for PS in ETBZ and the other aromatic
good solvents. These observations are each qualitatively consistent with a
larger solvent draining effect in ETBZ versus THF. Comparison with litera-
ture data for chains in good and theta solvents suggests that the quantity
(PO/P)c=o may be a universal function of R, -

INTRODUCTION

Experimental data on the transport properties of polymer chains in
dilute solutlons suggest the existence of non-universal characteristics in
the hydrodynamic interactions 15 . Possible mechanisms for these effects
are variatioms i%gthe degree of solvent draining 5’15, internal friction!?
or chain rigidity”. Our own recent work has focused on a comparative study
of polystyrene in the two chemically dissimilar good solvents, tetrahydro—
furan and ethylbenzene. Significant numerical differences were found in
the ratios p1=Rg/Rh ¢ and py=R, /Ry, £, where Ry is the radius of gyration
and Ry, f and Ry afe the hydroéynamic radii deteaﬁined from the frictional
coefficient and’ {intrinsic viscosity, respectively »9 Measurements of the
mean decay rate, [, of the dynamic light scattering structure factor, in
the intermediate scattering vector regime, qRgy> 1, also showed differ-
ences between PS/THF and PS/ETBZ, provided the reduced quantity F*=I;(c=o)/
q kT/n0 were comparedg. These results were interpreted to indicate differ-
ences in chain hydrodynamics for the two solvents, viz. the presence of a
larger solvent draining effect for PS/ETBZ. Similar non-universal effects
have been observed in py,0, and I'* for other polymer solvent systems6-8710,
At present there is no consensus as to the theoretical modeling of these
properties”’+i~

In dynamic light scattering experiments at intermediate g vectors it
is possible, in principle, to separately evaluate the contributions from
center of mass translational diffusion and intramolecular dynamics. Such
analyses involve difficult questions regarding the uniqueness of the spec-



76

tral decomposition and have been described in only a few cases6—8. Infor-
mation on the relaxation time for the slowest intramolecular normal mode Tj
and the relative scattering amplitude of the diffusive component (P,/P) =,
for a single coil can be obtained. Theoretical Fredictions for 77 and
(PO/P)c=b have been reportad for gaussian coilsl7’ 9 near the non~draining
Zimm limit. Experimental data for linear flexible _chains at the theta
condition appear to be consistent with this theory '’ 19, 0On the other
hand, while 711 values for chains in good solvents’’" are reported to be in
agreement with the non-draining limit, the (PO/P c=o data show substantial
deviations from the gaussian chain prediction1 in a direction qualita-
tively consistent with an increase in solvent draining on chain expansion.

In this communication we summarize results of dynamic light scattering
(DLS) measurements over a wide range of scattering wave vectors extending
to qR_%4.0 for a high molecular weight atactic polystyrene (Mw=8.42X106) in
ETBZ and in THF. The DLS relaxation spectrum has been successfully resolved
into a slow mode corresponding to pure translational diffusion and a fast
mode containing information on intramolecular motion. The parameters deter—
mined are the longest intramolecular relaxation time, T and the relative
scattering amplitude of the translational diffusive mode, PO/P, at infinite
dilution. These are contrasted for PS in ETBZ and in THF and are further
compared with literature data for linear chains in good and theta solvents.

Our results indicate that the scattering amplitude of the normal mode
type configurational motions of polystyrene in tetrahydrofuran for a speci-
fied value of qR, are comparable to those observed in the theta solvents
and are substantially larger than those in ethylbenzene and the other aro-
matic good solvent systems, benzene and toluene. The parameter gRy appears
to be a more universal scaling parameter for the partitioning of the total
scattering amplitude between internal and external relaxation mechanisms.
Comparison of T, data normalized for solvent viscosity indicates substan-
tial differences in the molecular hydrodynamic behavior of PS/THF versus
PS/ETBZ. These experimental results are clearly of interest in view of the
fact that current theoretical models of single coil hydrodynamics have not
as yet led to conclusive results 2,

All dynamic light scattering experiments were performed on a Brook-
haven Instrument Corp. spectrometer comprising a BI 2000 goniometer and a
BI 2030AT correlator with a SpectraPhysicg 15 mW He/Ne laser (A = 6328A).
The intensity autocorrelation function, G“(T) was measured on a BI 2030AT
264 channel multiple sampling time correlator described elsewhere”. Groups
of 64 channels could be set to different sample times enabling us to probe
relaxation processes occurring on widely differing time scales simulta-
neously. Hence, we could accurately resolve the spectrum into contributions
from pure translational diffusion and intramolecular motion.

Polystyrene samples of weight average molecular weight, Mw=8.42X106,
and My/Mp = 1.17 were obtained from Pressure Chemicals (Pittsburgh) and
were used without further purification. These samples were characterized
by methods of static light scattering in our laboratory. The solvents,
spectrograde tetrahydrofuran and ethylbenzene, were obtained from Aldrich
Chemical Co. The solvent ETBZ was used without further purification while
due to its hygroscopic nature 9, THF was further purified by refluxing with
LiAlH, for 12 hours and then distilling in a dry inert N2 atmosphege im~
mediately before use. The refractive index of the solvents at 25 C was
determined to be (THF)n,.o. = 1.407 and (ETBZ)nzso = 1.495. The specific
refractive index increméiit, dn/dc, of PS in THF ang ETBZ at 6328A was mea-
sured to be dn/de=0.192 cc/g and dn/de=0.111 cc/g at 25¢respectively. The
viscosity of the solvents was measured at 25°C using a Cannon Ubbelohde
Viscometer and was determined to be 0.465 cp (THF) and 0.619 cp (ETBZ).



77

Dilute solutions of PS in THF and ETBZ were made by weighing individual

samples in a Perkin Elmer microbalance, Model AD-2 with an accuracy of £ .0l
mg. The method of solutlion preparation has been described in detail else-~
where?. All measurements were made from 20 to 120 degrees scattering angle.
Only those intensity-intensity time correlation functions GZ(T), where the
difference between the calculated and measured baselines was less than 0.1%
were used for data analysis. The data were further analyzed on an IBM/AT
computer and a VAX 11/780 as described below.
Ege static parameters, M, and R, 6 ,, were determined from square-root
plots®” of [Kc/AR(6)]? versus sin” 6/2+kc, where K is an optical constant,
AR(8) is the excess Rayleigh Ratio , 6 is the scattering angle and c is the
polymer concentration in g/ml. The dynamic quantities determined were the
z-average translational diffusion coefficient D, ,, the corresponding Stokes
Radius, , the collective intramolecular relaxation, Teo and the relative
amplitude of the translational diffusive motion, PO/P. The average decay
rate, I', in the angular range qRg<1.0 was determined by cumulant?l analy-
sis of %he correlation function. Here the scattered electric field auto-
correlation function can be expressed as

1ngl(r) = - T + p212/2ue2 - 1J3'r3/61"e3 + ... 1)
and

gl(t) = [ 6(T)exp(-T1)dl (2)
o

is related to the measured intensity-intensity correlation function G2 (1)
by Siegert22 relation. From the average decay rate Fe
==
T, = J G(T)TdT (3)

we obtain the z-average translational diffusion coefficient <Dt>z since
2
= <D >
T D.>,q (4)

where q = 4mysing/2/) is the scattering vector.

However, as the scattering vector increases, the experimental para-
meters extend into the intermediate qR_, region, qR_ >1, where the decay rate
distribution function G(I') contains "information about__the translational
diffusion as well as configurational or internal motions““. Here, the cor-
relation function becomes increasingly nonexponential due to contributions
from intramolecular motions and multi-modal distributions are obtained.
This is evident in the presence of a second relaxation process, I'p,

I,= Dg? + 2/1, (5)

where T;1s the relaxation rate of the first normal mode of motion. As the
scattering wave vector, gR_, lncreases further, the fraction of the total
scattered intensity arising from pure translational diffusion further de-
creases. This is due to the fact that the contribution from intramole-
cular motions increases due to the presence of additional relaxation
modes19,22,

ToNy = qu + 2/Ty (6)

where the internal modes of the Nth order have a relaxation time Ty-

For our experiments in the intermediate ng region, two approaches have
been applied to separate the internal and external scattering components in
conjunction, viz. the double-exponential (DEXP) and the Multi-exponential
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(MEXP) fitting techniques. The Multi-exponential sampling technique26'28
approximates G(I') by a set of logarithmically spaced discrete single ex-
ponentials
6(ry = yp.8(T -T.) (7)
j J ]

where Pj are the weighting factors of the § function and

z Pj =1 (normalization condition)
j

AT, =K K = constant).
I‘J/I‘J_1 ( )
Substituting for G(I') in equation (2) yields
lgl(1)| =} P.exp(-T 1) (8)

where each of the P, contributions is linearly independent. Then a linear
least squares procedhre is used where

M N

) [6%(0) - | a_exp(-T 1)) (9)

i=1 n=1
is minimized and a semi-log plot of a_ vs I is obtained. The values of the
average decay rate, I'_, are obtained reproducibly, with high precision from
the G(I') function determined from this analytical technique. On the other
hand, the precise form of the G(I') function may or may not be an accurate
description of the true bimodal function implicit in the relaxation spec-
trum,23.

The DEXP method approximates the G(I') distribution as a weighted sum

of two Dirac delta functions,

G(r) = als(r—rl) + azd(r-rz) (10)
which corresponds to
lgl(1)] = [ajexp(-T 1) + ayexp(-T,1)] (11)

where a; and a., are the amplitudes of the scattered intensity corresponding
to the characteristic linewidths Fl and Tz. Therefore, a; + ap=1 and Te=
ajl'y +a,ly. At scattering wavevectors, qR,>1.0, the G(T') distribution can
be efficiently extracted using the DEXP ana%yses mentioned above. The slow
mode, Iy is assigned22 to pure translational diffusion,

Iy = Dg? (12)

and the infinite dilution translational diffusion coefficient is obtained
by extrapolation from

= (o]
<Dt>z = <Dt>(l + ch) (13)

The concentration dependence of <Dt>z is evaluated by

(o]
K, = 1/<Dt>z°(d<Dt>z/dc)T (14)

and the average hydrodynamic tadius.ﬁh( =< Rh_1>z _1) is obtained from the
Stokes-Einstein equation,

D>, = kT/6ﬂn°Rh (15)

where Ny is the measured viscosity.
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Similarly, the second mode F2 may be expressed as
I, = dg® + 2/1, (16)

where T 1s a collective intramolecular relaxation time measured at a finite
scattefing angle. In the limit of infinite dilution and zero scattering
angle, Te yields the longest Intramolecular time Tys

- T,-T, =2/1 (17)

Since T, values are determined reproducibly with high accuracy by the
MEXP analysis, we followed a procedure in which the Ty values were first
determined by MEXP, and subsequently bimodal fits to eq. (ll1) were made
using the DEXP program which employs an equally weighted nonlinear regres-—
sion procedure according to Marquardt<®. In our DEXP fits,. the values
of the average linewidth, [y, were constrained to these obtained from the
MEXP analysis. A number of simulated experiments were performed and the
reliability of this calculation procedure was confirmed.

RESULTS

All our data were processed to determine Ty and P for the slow and
fast modes. After extrapolation to c=o we obtained c—o) and Tz(c-o) In
Figure 1 we show the angular dependence of F1/q and -P , respectively.

From this plot we determined Dz —Pl/q and 2/7c= T T The gesults of our
static and dynamic measurements for PS in THF and ETBZ at 25°C are summar-
ized in Table 1, We have determined the z-average translational diffusion
coefficients, Dt ,» their concentration dependence, Ky, the equivalent hy-
drodynamic radii, Ry, and the longest intramolecular relaxation time, T,
Also listed are the radii of gyratiom, <Ry;>,, the second virial coeffici-
ents, Aj,ratios of the static to dynamic radii, p=Rg, 2/ <Ry” -1 and  values
of the interpenetration parameter, . 4.9

We have deduced from our earlier experiments ’~ that ETBZ and THF are
of comparable solvation power for polystyrene as are the other good sol-
vents, benzene and toluene. Thus, for the interpenetration parameter ¥ =
AM2/4m3/2N)R 3, we obtained $=0.32+.03 for PS/THF, and ¥=0.21%.02 for PS/
ETBZ. However, since we determine differing values of p(=1.3) with Rg=
1356A for PS in THF in comparison with p(=1.5) and Rg=16084 for PS/ETBZ, we

TABLE 1 Static and dynamic characteristics of polystyrene (Mw=8.42X106) in
tetrahydrofuran and ethylbenzene.

D, X 108 cn?/s 4.32 3.30
R, () 1086 1068
h
Ky % 102 cm3/gm 10.71 6.15
0 1.25 1.51
g(X) 1356 1608
A, x 10° molem’/g? .183 .140
.379 .179
In] cn3/gm 1116 1000
Ty U8 1364 2490
1’
A 1.293 844

n, cp .465 .619
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infer that there are inherent differences in the nature of the internal
chain hydrodynamics and perhaps also in the conformatio ai state of the PS
chains in these chemically distinct good solvent systems“’". _

_ Figure_1 shows the scattering angle dependence- of the values (I -
'rl)c=o and Fl/(sinze/z) for PS in THF. A corresponding plot was also ob-
tained for PS in ETBZ though it is not shown here. The quantity T,/
(sinZG/Z) was approximately independent of angle for both systems, indica-
ting that the translational diffusion coefficient had been successfully
separated from the internal modes. Values of kd were determined from the
concentration dependence of Tl/(sinze /2) for both polymer-solvent systems.
Values of the dynamic form factor, (P,/P),,, were obtained by extrapolation
to the limit of zero concentration as [a17(a1 + a3) leng The quantity
(Py/P) s, decreases with increasing values of qug2(=X , as shown in Figure
2. The (Pz—rl) values at finite angles were found to be approximately inde-
pendent of concentration and (FZ“PI)c+o was obtained as an average over all
concentrations. The longest intramolecular relaxation time, T;, was deter-
mined from the low angle data as

lim (T - ry), =2/7 (18)
c=o0
qRg = 1.0

The results for T; listed in Table 1show that these values are very differ=-
ent for polystyrene in the two good solvent systems studied. The Tj values
in ETBZ are approximately twice those observed in THF. Finally, Figure 2
indicates that the quantity (IE’O/P)C_,.o decreases with X much more rapidly for
PS/THF than for PS/ETBZ.

! L]
9
o 1.0 ,
©
A
7 w "’;;90.8 a
B & N
¢ £ =
e . X '
2 &Q‘ E_:O-G p
= o~
=3 o §
Lo P 0.4} *
4
s X (= ¢2R})
\ FIGURE 2
The relative scattered intensity of
’ ) ) ) ) ) | the translational mode P_(X)/P(X) at
! zqz(;5; nF; s infinite dilution, as a function of
*10 ¢
X(= ¢*8%) for PS in THF (e) and PS
FIGURE 1 in ETBZ (a). The solid line is a
The Efanslational diffusive decay theoretical curve for an unperturbed
rate I‘l/q2 and the collective in- flexible coil with dominant hydro—
E?amolecular relaxation rate 'y ~ dynamic interactions and preaveraged
I'; plotted against q2 x 10710 ¢ Oseen tensor %19,

infinite dilution for PS in THF.
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DISCUSSION
The longest intramolecular relaxation time, Ty, has been derived for
gaussian chains from theories based on the bead-spring model

T = Mnelnl/A(RT (19)

where M is the polymer molecular weight, Ny is the solvent viscosity, [N]
is the intrinsic viscosity, A1 is a constant, R is the gas constant, and T
is the absolute temperature. The parameter Ay has been calculated in the
two ligiting cases, i.e. free and non-free draining. For the free draining
Rouse1 model, A3=0.822 whereas for the non-~draining Zimml7 model, where
the hydrodynamic interactions were preaveraged, the parameter A1=1.184.

We can evaluate A; from eq. (19) by inserting our experimental values
of N1, [N] and My. For PS/THF we have T;=1364 us, [n]=1116 cm g~*, and ng=
4.65X10‘3g el s=1 which ylelds A31=1.29+% 0.2, a result which is close to
the Zimm prediction for non—drainin% chains. Likewise, for PS in ETBZ,
with T,=2490 us, no=6.19X10'3g em™1s7! and [n1=1000 cm g~1, eq. (18) yields
A1=0.8420.1 which is quite different from the A; value obtained for PS in
THF, and is closer to the Rouse prediction for free-draining chains. Of
course any relationship between our results and these two theoretical
values must be regarded as fortuitous since, a) the effect of preaveraging
has no% been evaluated, and b) the effect of excluded volume is not in-
cluded1 219,

Turning to our data for the variation of the dynamic form factor
(Po/P)c+o’ we find a quite different dependence on the scaled scattering
vector X=q2R 2 for PS/THF versus PS/ETBZ as shown in Figure 2. In the range
X<7 the resdits for PS/THF are in accord with a theoretical curve for non-—
dralning gaussian chains®’19. on the other hand, the corresponding data for
PS/ETBZ fall significantly above the theoretical prediction at X>2.0. Evi-
dently, the scattering amplitude of the intramolecular motions for PS in
ETBZ at a specified value of qR, is smaller than in THF. It is interesting
to note that the P,/P values obsServed by us for PS in THF are comparable to
those reported for flexible chains in theta solventsb. Conversely, the PO/P
values obtained for PS in ETBZ are similar to those observed by Nemoto 55%
33.7’ in studies on the good solveng systems, polystyrene/benzene (BZ)
and polyisoprene (PIP)/cyclohexane (CH)°. It is also pertinent to note here
that the systems PS/ETBZ, PS/BZ, and PIP/CH all have numerically comparable
values of the ratio p=Rg /Ry (21.5), different from the p values (n 1.3)
obtained for PS in THF. ’ﬁhe values of p for PS in THF are similar to those
reported for the theta solvent PS/trans—decaliné, and the (P /P) values
for PS/t—decalin exhibit comparable dependence on X to that Showfi " In Fig-
ure 2 for PS in THF. Thus it seems that the quantity (P /P)o+o @PpPears, at
least approximately, to exhibit universal scaling when plotted versus Xy =
q*R%. This suggests that it is the hydrodynamic radius which: determines
the distribution of the total scattering amplitude between the internal
and external modes.

The decrease in (Py/P) =, for PS in THF relative to PS in ETBZ can be
interpreted qualitatively using the discussion of Perico et al.l? for the
non-draining gaussian chain model with preaveraged hydrodynamic interac-—
tions. These authors showed that as the strength of the hydrodynamic
interaction 1increases, the contribution of the intramolecular motions to
the total scattering amplitude is enhanced. Thus, Figure 2 supports the
interpretation that the strength of the hydrodynamic interaction is higher
for PS in THF.

In summary, our results for P1» Ty and (Po/P)c=o are consistent in that
they indicate similar differences in the hydrodynamic properties of PS in
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THF versus PS in ETBZ. Our observations may be interpreted as reflecting a
greater degree of solvent draining in ETBZ, as indicated by a larger value
of py, a smaller value of the hydrodynamic draining parameter, A; 7, and a
diminished contribution of the intramolecular modes to the dynamic light
scattering spectrumlg. To develop a more quantitative interpretation of
our results, current theory for the hydrodynamic properties of flexible
chains will need to consider such effects as excluded volume, internal
friction and perhaps hydrodynamic screening.
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