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ABSTRACT: Polystyrene solutions in the dilute region have been studied by dynamic light scattering
experiments. The first cumulant, Q(g), has been extracted consistently by either cumulant analysis or shape
function analysis. It is found that Q(q) approaches ¢? dependence for ¢R; «< 1 and ¢® dependence for qR

> 1, with a broad transition region. It is also found that the magnitudes of the first cumulant in the ¢ region
change as the solvent is changed from a 6 solvent to a good solvent. In both cases, experimental results agree
better with theoretical calculations which use a preaveraged Oseen tensor.

Introduction

Conventionally, dynamic light scattering experiments
in dilute polymer solutions are performed in the small ¢
region characterized by gR, « 1, where R, is the radius
of gyration, The primary purpose of these experlments
in which the intermediate scattering function S(g,t) is
obtained by photon correlation analysis, is to measure the
translational diffusion coefficient by representing the S(gq,t)
data as an exponential function and investigate its con-
centration and temperature dependence.! Dynamic light
scattering can also be used, however, to study the internal
motions of a polymer by adjustmg the conditions of the
experiment such that gR, is comparable to or larger than
unity. Since the maximum value of g is determined by the
wavelength of the incident laser beam, this condition can
only be satisfied by working with polymers of large mo-
lecular weights. For such values of gR,, the shape of S(q,t)
deviates appreciably from a single exponential and makes
the interpretation of the experiment more difficult. There
have been attempts, with only partial success,?* to measure
the longest internal relaxation time of a molecule by rep-
rwenting S(g,t) data as a superposition of two exponentials
in the vicinity of gR, near unity. In the intermediate ¢
region defined by qk > 1 but gl « 1, where [ is the
statistical length, the mterpretatmn of dynam1c scattering
experiments becomes once more straightforward. Du-
bois-Violette and de Gennes® showed in 1968 that the
normalized S(g,t) can be scaled as S(q,t) = explflw.(q)t]}
when £ is expressed as a function of the dimensionless time
T = w(@)t, for all values of g in the above asymptotic region.
They obtained the shape function f(r) explicitly for an
unperturbed Gaussian chain and found that the charac-
teristic frequency w,(q) is proportional to (kgT'/n0)¢% where
kgT and ny denote the temperature and viscosity of the
solvent. Dynamic light scattering experiments in the in-
termediate ¢ region were first performed by Adam and
Delsanti,® to check the power law dependence of the
characteristic frequency. Experimentally, it is difficult to
strictly satisfy the condition gR, > 1 and ¢! <« 1 for all
g, as is required to check the ve‘hdlty of the asymptotic
theory. Recently, Akcasu et al.” developed a method for
the interpretation of dynamic scattering experiment,s, in
terms of the first cumulant Q(q) of S(q,t), in all g regions,
including the transition region where R, is allowed to vary
from gR, << 1 to gR; > 1. The first cumulant is the initial
slope of S(q t) and can be determined experimentally by
cumulant analysis on the S(g,t) data. The first cumulant
has been calculated for all values of g and various chain
models as a function of temperature. It is found that Q(g)

Table 1
MyX ¢, mg/
sample 10°¢ M,/M, mL solvent Mg, cP
LF4 4.1 ~1.1 0.16 toluene 0.566
0.275 cyclohexane 0.75
F505 5.05 1.02 0.26 cyclohexane 0.75
F720 7.5 1.056 0.175 cyclohexane 0.75
F1300 13.4 1.17 0.24 cyclohexane 0.75
LF44 440 ~1.1 0.18 toluene 0.566
0.20 THF 0.46
0.11 cyclohexane 0.75
PS48 48.0 1.3 0.22  toluene 0.566

coincides with the characteristic frequency w.(g) in the
intermediate g region and yields the short-time diffusion
coefficient when gR; « 1. Dynamic light scattering ex-
periments which explore the transition ¢ region by the
above scheme of Akcasu et al. have been performed only
very recently by Han,” Chu,® and Gulari and Alkhafji,?
under a variety of experimental conditions.

The purpose of this paper is to present a systematic
study in which we explore the ¢ dependence of the first
cumulant as a function of molecular weight in both good
and O solvents. Results are compared to the theoretical
predictions.

Experimental Section

Six different polystyrene samples were used in this study.
Samples LF4 and LF44 were kindly given to us by Professor L.
Fetters of the University of Akron. Samples F505, F720, and
F1300 were obtained from Toyo Soda Co. of Japan, and sample
PS48 was obtained from Japan Synthetic Rubber Co. Molecular
weights and the polydispersity ratio, M, /M,, are quoted in Table
1. Also listed in Table I are concentrations and solvent viscosities
used in this study. ACS spectrograde cyclohexane, THF, and
toluene were used for preparing the solutions. All solutions were
prepared by filtering solvent directly into clean glassware which
contain preweighed polymers. Millipore filters with pore size 0.22
wm were used for cyclohexane and toluene filtration, but Millipore
Teflon filters with pore size 0.2 um were used for THF filtration.
Cyclohexane solutions were kept at 40 °C and toluene as well as
THF solutions were kept at room temperature for at least 24 h,
with occasionally gentle shaking, before being used for scattering
experiments.

All scattering experiments were carried out on a photon
counting instrument with either a minicomputer-based correlator'®
or a Malvern 7025 correlator. The 4880-A line from an Ar ion
laser was used for the experiment. Cylindrical sample cells were
used and mounted at the center of a temperature-controlled,
refractive index matched bath goniometer. Temperatures were
controlled at 35.0 = 0.1 °C for polystyrene—cyclohexane mea-
surements and uncontrolled but monitored to be 23.0 £ 0.2 °C
for polystyrene—toluene and polystyrene-THF measurements.
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The intermediate scattering function S(g,t) is obtained from
the experimental time correlation function C(g,t) of the scattered
light as!

Clg,t) = 1 + BS(g,t)? @

with 8 as an adjustable parameter. This introduces an extra
parameter in all data analysis, but this parameter will not be
mentioned again for the sake of brevity.

Data Analysis

Two procedures can be followed to extract the first cu-
mulant, Q(g), from the S(q,t) data.’

A. Cumulant Analysis. In this method S(g,t) is
represented!! by exp[-Qt(1 + At + At? + ...)], and Q(q)
is determined by nonlinear regression analysis. It is also
possible to fit —Qt(1 + At + A,t2 + ...) to In S(q,t) data
by linear regression analysis. Another possibility used in
literature!? is to represent S(g,t) by exp(-Qt)[1 + B;t% +
B,t%]. In our experiment we have used all three of these
options to make sure that they yield consistent results for
Q(q) with the same data. Equal weights were used for all
correlation data in the cumulant analysis. The number
of terms in the cumulant expansion depends on the ¢
region as well as the time range of the experiment. The
criterion is that Q(q) should become insensitive to the
additional terms in the expansion. Qur experience shows
that even a single exponential yields sufficiently accurate
estimates of Q(q) if the time range of the experiment is
restricted to values Qt < 0.4, where S(g,t) decays ap-
proximately to exp(-0.4) = 0.67 of its original value. When
the experimental time range is increased, the single-ex-
ponential fit fails, as expected, and one needs full cumulant
analysis. We found that all three forms of the cumulant
analysis still yleld consistent results for Q(g) with three
or more terms in the g region, gR, < 2 and Qt S 1. For
larger values of gR,, particularly in the intermediate ¢
region, more terms are needed and the premsmn of the
results becomes very poor. In this ¢ region, we feel that
the shape function analysis yields more precise results if
it is available. When the shape function is not available,
such as in the good-solvent case, we still use three- or
four-term cumulant fits, keeping the time range (with
truncation of correlation data if necessary) to Qt < 1 rather
than increasing the number of terms.

B. Shape Function Analysis. In this method S(q,t)
is represented as exp[f(r,qR,)] for gl « 1, where 7 = Qt
and f(r,qR ) is the shape functlon The latter is a slowly
varying functlon of qR; in the transition ¢ reglon where

gR; ~ 1, and becomes independent of qR in the inter-
medlate q region as well as the small g region, where gk,
« 1. The variation of f(r,gR,) with 7 for various values
of gR, in the case of a closed unperturbed Gaussian chain
has been presented elsewhere.” The shape function f(r,ql)
for an open infinite chain is also available as a function
of 7 and ¢l." In the limit ¢/ — 0 (or gR; — = in the
previous case) we obtain the asymptotic shape function
f(r) appropriate for the intermediate g region® as

S(gt) = j;udu expl-u — (Qt)2/*h[u(Qt)2/3))
where
h(w) = @/m) ] dx (cos zu/x)[1 - exp(-x"/21%)] (2)

A nonlinear regression routine!® was used for fitting data
to eq 2.

Figure 1 shows the experimental S(g,t) of sample LF44
at gR; = 6.4 under © conditions in the time range up to
520 us with a delay time of 5 us. We observe that the
accuracy of the data beyond ¢ = 440 us becomes increas-
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Figure 1. Experimental correlation data of LF44 in cyclohexane

at a scattering angle § = 120° with a delay time of 5 us. The

dashed curve is the best fit by using the asymptotic shape function

and the solid line is the corresponding initial slope.
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Figure 2. Correlation data with experimental conditions identical
to those of Figure 1 except with 1-us delay time. Again, the dashed
curve is the best asymptotic shape function fit and the solid line
is the corresponding initial slope.

ingly poor because S(g,t) decays well below the noise level.
The maximum time range in a dynamic light scattering
experiment is, in general, restricted by the noise level. The
dashed curve in Figure 1 represents the asymptotic shape
function which is fitted to the experimental points with
Q = 8.14 x 10% s, We also fitted the data to a single
exponential and obtained © = 5.98 X 10 s to demonstrate
the inadequacy of a single-exponential representation in
this time range.

Figure 2 shows the decay of S(g,t) for the same gR,; and
identical conditions except for a smaller time range of 1-50
us and a 1-us delay time. The asymptotic shape function
fit yielded in this case Q = 8.34 X 10° s}, which is within
2.5% of the previous result. The single-exponential fit in
this range yields 8.01 X 103 s, which is only 5% less than
a correct value. In general, a single-exponential repre-
sentation always underestimates Q(g). The point here is
that Q(q) can be extracted from S(q,t) data with reasonable
accuracy if the purpose of the experiment is only to de-
termine Q(q) by a simple exponential fit, provided the time
range of the experiment is sufficiently small, e.g., Q¢ < 0.4.
However, if the purpose of the experiment is also to in-
vestigate the shape of S(g,t) as a function of time in order
to verify theoretical model calculations, then the time
range of the experiment should be extended as much as
possible, provided S(g,t) is above the noise level.

We extracted Q(g) from data obtained under © condi-
tions by cumulant analyms when gR; < 2 and by shape
function analysm, using the asymptotlc shape function,
when gR, = 2. Actually, the shape function attains its
asymptotlc form, accordmg to the exact closed-chain
calculations presented in ref 7, when qR, = 4. We have
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Figure 3. Variation of the first cumulant as a function of g for
five different polystyrene samples in cyclohexane as listed in Table
1. Solid lines are calculated from eq 4 with IN'/2 end-to-end
distances (A) 1.95 % 107, (B) 2.11 X 1073, (C) 2.74 x 1075, (D) 3.90
X 1075, and (E) 6.80 X 107% cm, just to illustrate the analytical
trends. The values of IN'/? are adjusted for crude agreement.

not distinguished between the asymptotic shape function
and the actual one corresponding to a particular gR, for
qR; = 2 to avoid lengthy calculations involved in obtaining
the shape function for each gR,. The use of the asymptotic
shape function for all gR, = 2 underestimates Q(q) slightly
in the range qR, = 2-4, with the maximum inaccuracy
being less than ~5% at R, = 2 and decreasing when gR,
becomes larger. We have calculated R, by using

R, =3 X 10°M"2 ¢cm &)

instead of obtaining it self-consistently from S(g,t) data
and Q(g) with the iteration procedure suggested in ref 7.
This is because we want to investigate the ¢ dependence
of Q(g) without any adjustable parameter, provided that
Q(q) can be extracted as described above.

In the case of good-solvent data we used cumulant
analysis to extract Q(g) for all values of gR, to avoid the
question of using the shape function calculgated under ©
conditions. The asymptotic shape function in good solvent
is not available analytically although it is not expected to
deviate appreciably from that in 6 solvent, as concluded
by Delsanti.l4

The values of Q(q) as extracted from the S(g,t) are
presented in Figure 3 as a function of g for various mo-
lecular weights.

Interpretation and Discussion
We calculated Q(g) by using
1-» 2-v
2TV el -1 2
g  (1-»2-v) 7( 2 " ) “ 7( 2 )

= K
2 2 v 1
D v(l,xyz) -x7Y "7(—,x,2)
2v v

(4)

where
2= (gR)%(1 + »)(1 + 2v) /3
Ry = IN'[2(1 + »)(1 + 2v)]V/2
keT [37(1 + »)(1 + 2v)]"1/2
TR, w(l-02-»)

and where v(u,x) denotes the incomplete gamma function

v(u,x) = J; “dt g1 exp(-t)

D,
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Figure 4. Variation of Q(g)/¢?D; as a function of gR, at the 6
condition without concentration correction.

This expression yields Q(g) for © conditions when» =1/,
and for good-solvent conditions when v = 3/, It was ob-
tained by Akcasu et al.,!® using a preaveraged Oseen tensor
for a single Gaussian chain and replacing summation in
the original expression of Q(q) by integration. D, reduces
to the diffusion coefficient in Kirkwood’s approximation
when v = 1/, It is observed that Q(q)/q?D, depends only
on gR,. In the limit gR, — 0, it yields Q(q) — ¢?D,. When
gR, — =, ie., in the intermediate g region, it yields

Qg _ TI-»/2]
(aT/m)q®  T'(1/2)(6m)ml/2

()

where I'(x) is the usual gamma function. The right-hand
side is the value of the plateau in the g2 region, which yields
1/67 with v = 1/, in © solvent and 0.071 with » = 3/; in
good solvent. The solid lines in Figure 3 denote the the-
oretical Q(q) as calculated from eq 4 with v = 1/, and IN”
values as indicated.

In Figure 4, we have presented the normalized data
Q(q)/q*D, as a function of gR, to demonstrate that a re-
duced curve predicted by eq 4 and also by eq 7 below can
be obtained. In this plot Dy = 0.195kpT/ns6'/“R, was used,
with R, calculated from eq 3. It should be pointed out that
values of 2(q)/qg*D, are less than one at small gR,. This
deviation reflects the discrepancy between D and the true
diffusion coefficient and is larger than the sum of the
concentration correction discussed below and the D; cor-
rection arising from the distinction between short- and
long-time diffusion coefficients.!”

In Figure 5 we have plotted Q(q)/q%kgT/n0) as a
function of qR, to demonstrate the independence of this
ratio of the molecular weight when it is expressed as a
function of gR,. We observe that the data are consistently
below the theoretical prediction. The agreement improves
somewhat when the data are corrected for the concentra-
tion dependence. In the small g region, where Q(q) —
g*D(c), the concentration correction is made according to!®

D(e) = D(0) - 7.76 x 107% (6)

where ¢ is the concentration in mg/mL. The coefficient
of ¢ is independent of the molecular weight in © solvents
as shown both theoretically’*?! and experimentally.!8222
For cyclohexane D(0) = 1.39 X 10*M'/2 cm?/s. The
concentration in our experiments was between 0.1 and 0.3
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Figure 5. Variation of the reduced first cumulant Q(q)/ (g*%kT/ 1)
as a function of gR, at the 8 condition without concentration
correction. Curve A is calculated according to eq 7 without
preaveraging the Oseen tensor and curve B is calculated according
to eq 4 with preaveraging the Oseen tensor.
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Figure 6. Variation of the reduced first cumulant as a function
of gR, at the © condition with concentration correction. Curves
A anci B are the same as in Figure 5.

mg/mL so D(0) is about 3.1% larger than the measured
value of D(c) when M = 4.1 X 108 and 4.1% when M = 4.4
X 108, The data points in Figure 5 must be increased by
D(0)/D(c) in the small q region to account for the finite
concentration. There is not established theoretical pre-
diction for the concentration dependence of the first cu-
mulant in the transition and intermediate g regions. We
therefore shifted the data upward uniformly for all g values
in Figure 6. The data are still consistently below the
theoretical prediction although the agreement is improved.
Considering the uncertainties in the extraction of Q(q) from
S(g,t) data, the agreement may be regarded as satisfactory.
We note that the agreement would be further improved
for gR, < 1.5 if the value of R, were adjusted.

The expression of Q(g) in eq 4 was obtained by using
the preaveraged Oseen tensor. Recently, Benmouna and
Akcasu® calculated Q(g) without preaveraging the Oseen
tensor as (eq 6 in ref 24 contains misprints)

Q(q)/¢?D, = [3(1 - v)(2 - ») /16v]k,11/” X
[j;ldu a- u)e—“"x-’]'1 J; "' du (1 - u¥/? /¢ V)ul/22 x
ul/? 2
[—lf”2 + @+ u‘l)e"‘J; dt e ] )]

where D, «,, and R, have the same meaning as in eq 4.
This result is valid for both 6 and good solvents with » =
1/, and » = 3/, respectively. It yields again Q(q) — ¢2D,
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Figure 7. Variation of the reduced first cumulant as a function
of gR, in good solvents. Curves A and B are the same as in Figure
5, except v = 0.6.

as gR, — 0. In the intermediate g region, where gR; —
=, one finds

ne L (8a)
¢*kgT/ny  (8m)xl/2 T'(1/2v)
where
J@) = j;adu ul/2v—2[__u—1/2 +@+ u_l)e_uj;ut/zdt et’]
(8b)

In the case of © solvent, eq 8b yields*® J(1/2) = nx'/2/2
so that the value of the plateau becomes !/;4 = 0.0625
instead of 1/6x = 0.053, obtained with the preaveraged
Oseen tensor. In the good-solvent limit J(3/5) has been
evaluated numerically** as J(3/5) = 3.965. The latter
yields the plateau value 0.079 in eq 8a, instead of 0.071
obtained with the preaveraged Oseen tensor.

In Figures 5 and 6, we have also plotted Q(q)/¢%(ksT/no),
using eq 7 with » = /5. (Actually, for computational
convenience, we used the original form of eq 7, in which
the summations are not replaced by integrals, i.e., eq 3 of
ref 21.) It is observed that preaveraging does not affect
the behavior of this ratio for small gR; but decreases it by
about 15% in the plateau region. The data seem to be in
better agreement with the theoretical predictions with the
preaveraged Oseen tensor. We have no explanation for this
observation,

Figure 7 represents both the experimental and theo-
retical results in the case of good solvent. The data in this
case have not been corrected for concentration. Again
preaveraging provides a better agreement with the data.
The increase in the plateau value from 6 to good solvent
seems now to be firmly established as a trend.

In conclusion, the dynamic light scattering experiments
in the transition region as well as in the asymptotic g region
seem to be interpretable on the basis of the first cumulant?
very satisfactorily as far as trends are concerned but
somewhat less satisfactorily with respect to quantitative
agreement.
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Composition and Fractionation within Conjugated Isotropic and
Anisotropic Phases of Lyotropic Liquid Crystals
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ABSTRACT: The composition of conjugated isotropic and anisotropic phases occurring for solutions of
poly(p-benzamide) in N,N-dimethylacetamide-LiCl was investigated. The phases were separated by ultra-
centrifugation, preferably following the nucleation of the isotropic phase by dilution of a pure anisotropic
solution. The study included the determination of the molecular weight (through intrinsic viscosity) of the
solute within the two phases. A selective enrichment of high and low molecular weight species occurred in
the anisotropic and isotropic phases, respectively. The solute molecular weight in the anisotropic phase increased
as the volume fraction of the isotropic phase was increased. The efficiency of a refractionation process performed
by diluting a pure anisotropic phase isolated from the biphasic region was demonstrated. The compositions
of isolated isotropic and anisotropic phases were found to decrease with the volume fraction of isotropic phase.
The above results are discussed in terms of recent theoretical treatments of polydisperse rodlike molecules.
Extremely clear patterns of the nematic order were obtained as a result of fractionation and separation of

the isotropic phase.

In a solution of rodlike particles above a critical solute
concentration C_*, a transformation from an isotropic to
an anisotropic pflase is experlmentally observed.'® How-
ever, the two phases coexist in a discrete range of solute
concentration. The amount of anisotropic phase grows at
the expense of the isotropic one when the concentration
is increased from C,* to a value C,**, above which only
the anisotropic phase is stable.

A theory developed for monodisperse particles’ produced
a composition—temperature phase diagram which indicates
the boundaries of the biphasic region for a given axial ratio
x. According to this theory, the C;* and C ** values are
the limiting compositions of the pure isotropic and an-
isotropic phases, respectively, and also the compositions
of the coexisting phases within the biphasic region, irre-
spective of the relative amount of the two phases. Cal-
culations show that this theory yields an approximate
expression for the critical volume fraction of the solute in
terms of the axial ratio, vo* ~ (8/x)(1 — 2/x). However,
this approximation is satisfactory only in athermal sol-
vents.

The experimental determination of C;* and C,** has
been performed!® by techniques supposedly senaitive to
the first appearance of the anisotropic phase and to the
complete disappearance of the isotropic one, respectively.
However, reservations about the reliability of some tech-
niques (particularly the viscometric one)®%® and about the
attainment of true equilibrium® have recently been made.
In particular, Matheson® has analyzed theoretically the

0024-9297/81/2214-1084$01.25/0

steady flow viscosity of solutions of rodlike macromolecules
in the entire range of polymer concentration. His results
indicate that the nucleation of the anisotropic phase occurs
at a lower concentration than that indicated by the max-
imum in the viscosity—concentration plot. This result is
in line with recent experimental findings.5¢ Moreover, all
studies performed so far have involved polydisperse rigid
polymers. For the latter, preliminary experimental results,
as well as theory,? indicate a selective partitioning of low
and high molecular weight components between the
coexisting phases. Actually, the latter theory® predicts
boundaries of the biphasic region which are strikingly
different from the ones predicted by the earlier theory’
valid for monodisperse systems.

Thus, from both the experimental and theoretical point
of view, the need arises for a renewed and more sophis-
ticated attempt to determine the parameters affecting the
boundaries of the biphasic region. In this paper we have
followed the approach of isolating the coexisting phases
and determining their equilibrium composition and mo-
lecular weight partition. It will be shown that both pa-
rameters are strongly affected by the ratio of phase vol-
umes. We have used the poly(p-benzamide)-N,N-di-
methylacetamide/LiCl systems used in previous investi-
gations.’

Experimental Section

Materials and Solutions. The poly(p-benzamide) (PBA)
sample used in this investigation was kindly supplied by Dr. J.
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