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ABSTRACT: The dynamics of macromolecules in ternary solutions consisting of a probe polymer, a matrix
polymer, and a solvent are studied using dynamic light scattering (DLS) with refractive index matching and,
as supporting techniques, static light scattering and viscometry. The probe is linear polystyrene (PS) of
molecular weight 390 000, which was always present in dilute amounts. The matrix polymer is poly(n-hexyl
isocyanate) (PHIC) of varying molecular weight and polydispersity, whose concentration ranged from dilute
to semidilute. The solvents used are either 1,1,2,2-tetrachloroethane (TCE) or toluene. PHIC is completely
isorefractive in TCE at 75.0 °C. At lower temperatures and in toluene it is nearly isorefractive, removing
thedirect contribution of the PHIC to the light scattering spectrum. DLS measurements of PHIC in chloroform
show that the PHIC behaves as a wormlike chain with a persistence length of ~20 nm. Results from previous
studies of PS in binary solution are used for comparison to its behavior in the ternary solutions, which
contained varying amounts of PHIC. Ternary solution studies were conducted over a range of temperature
from 25t075 °C. The translational diffusion coefficient of the PS in ternary solution decreases with increasing
concentration of PHIC, but the overall dimension of the PS remains essentially constant for all solution
conditions. The decrease in PS diffusion coefficient is smaller than that predicted by reptation. Comparison
of the different fractions of PHIC shows that the translational diffusion coefficient of PS is affected by the
flexibility of the PHIC. The PS diffusion coefficient for all the PHIC fractions depends on the end-to-end
distance of the PHIC. A fast relaxational mode (not present in dilute PS solutions) was seen in the DLS
spectra for samples above a certain onset concentration of PHIC. The amplitude of this relaxation is always
a small portion of the DLS spectrum, ranging from 0 to 5% of the total intensity. Using the contour length
of the wormlike chain for the apparent rod length gives an onset concentration for the fast mode of CL3 ~

10-15. The physical cause for this relaxation is unclear, although several possible explanations for it are

discussed.

1. Introduction

There has been much interest in recent years in the
dynamic behavior of polymers in semidilute solutions. In
dilute solution, polymer dynamics depend primarily on
polymer-solvent interactions and interactions between
different segments on a single polymer chain. In the
semidilute regime, the polymer concentration is high
enough to cause significant excluded-volume interaction
between different polymer molecules. Consequently, these
and other polymer-polymer interactions (Coulombic,
dipolar, van der Waals, etc.) must be considered along
with the interactions present in dilute solution.

Semidilute polymer systems are important in a wide
variety of practical applications, particularly in polymer
processing. Highly concentrated or melt systems are often
difficult to process because of their extremely high
viscosity. Conversely, very dilute solutions are often of
little use because they contain very little polymeric
material. Semidilute solutions contain enough material
tobe practical but are still capable of being easily processed.

In this work an isorefractive ternary system was selected
to examine semidilute solution behavior. This technique
involves the study of the tracer diffusion of a polymer
through a background of semidilute “invisible” polymers.
Polystyrene was used as the tracer polymer. Studies of
polystyrene in binary solution are presented in the
preceding paper! (hereafter referred to as I). Previous
work on probe—polymer background systems has typically
used polystyrene (a flexible coil) as the tracer polymer
and another flexible coil polymer as the background.
Background polymers have included poly(vinyl methyl
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ether)% and poly(methyl methacrylate).367 Similar
studies have been done using spherical tracer particles
with a variety of flexible background polymers.8-1¢ Other
work has been done in concentrated sphere systems and
in concentrated mixtures of spheres and stiff chains.11-16
Jamil et al. have recently studied a coil (polystyrene)/rod
[poly(y-stearyl a,L-glutamate)] system in a solvent (tolu-
ene) in which the rod aggregates into fibrils.!” In this
study, the background polymer is a semirigid rod {poly-
(n-hexyl isocyanate)].

Due to their extended nature in solution, rigid or
semirigid polymer chains are expected to show semidilute
behavior at lower concentrations than flexible polymers.
The theory of Doi and Edwards (DE)!81% hag greatly
influenced the development of the field of rodlike polymer
dynamics. The DE theory describes the translation and
rotation of stiff, uncharged linear polymers in nondilute
solutions, by modeling them as infinitely thin and totally
rigid rods. The only intermolecular force between the
rods is that restricting them from passing through each
other. The DE theory predicts a change in the length
dependence of the rotational diffusion coefficient, , from
© ~ 1/L3 in dilute solution to © ~ 1/L® in semidilute
solution. Because of this large predicted change, the focus
of semidilute studies of semirigid polymers has been on
the rotational diffusion of rods in an entangling envi-
ronment,2-38 although it now appears that the translational
diffusion may be a better indicator of semidilute behav-
ior.1627.81 The influence of the structure and dynamics of
semidilute rods on the translational motion of a dilute coil
polymer has not yet been theoretically examined.

An important practical consideration for the choice of
system here is that the semidilute polymer (PHIC) be
isorefractive with the solvent. This removes its contribu-
tion to the light scattering spectrum (to first order, at
least). It is also important to find a probe particle which
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is soluble in the background polymer/solvent system.
Solubility can often be a difficult problem for stiff
polymers, since an increase in polymer rigidity usually
corresponds to a decrease in solubility. The most stiff
polymers known are typically soluble as singlets only in
very corrosive solvents, which makes them difficult to
study.?”3 Ternary phase studies have been done on
systems similar to that used here, which indicate limited
solubility for small amounts of polystyrene.39:40

The binary solution behavior of the polystyrene is
presented in I. Experimental details are presented in
section 2. The characterization of the PHIC in the two
solvents using differential refractometry, SLS, DLS, and
viscometry is presented in section 3. Sections 4 and 5
contain the experimental results for the ternary solutions,
ag well as interpretations of their dynamic behavior.

2. Experimental and Data Analysis

Light Scattering. The DLS and SLS systems have been
described elsewhere,'64142 and the data analysis methods have
been described in I. The SLS system analysis used in I had to
be modified for the ternary solutions studied here.

Each ternary solution had a polystyrene concentration of 1.00
(£.03) mg/mL at 20.0 °C. While construction of a Zimm plot
requires a series of concentrations of polystyrene, the slopes of
the lines in a Zimm plot corresponding to individual concentra-
tions are generally quite similar as long as the concentrations are
not toolarge. Inthe polystyrene/TCE binary solution the radius
of gyration was determined using the individual concentrations
(as described below), and those radii agreed within experimental
error with those determined by extrapolating to zero concentra-
tion. Thus, the ternary solutions were analyzed as if the 1.0
mg/mL PS values were the zero concentration points determined
in a Zimm plot.

Ordinarily, the molecular weight is taken as the value of
1/intercept from a Zimm plot. Here it was necessary to use the
known value of the molecular weight, 390 000, because the
intercepts taken from the different PHIC concentrations differ
from each other and from the zero concentration intercept.

Two other concerns must be raised relating to this analysis.
The first and more obvious is that at temperatures away from
the isorefractive temperature of 75 °C the effect of scattering
from the polyisocyanate must be considered. At 25 °C, the
differential index of refraction of PHIC in TCE is 10 times smaller
than that of polystyrene in TCE. The molecular weight of the
PHIC also varies from 3 to 10 times less than that of the PS used.
The amount of light scattered has a square dependence ondn/de
and is proportional to molecular weight (when one considers equal
weights of polymer). Thus the amount of light scattered by equal
weights of PHIC should be from 0.1 t0 0.3% of that scattered by
the polystyrene based on these considerations, which is below
the capabilities of the experiment to detect.

Another, more subtle consideration is due to scattering from
coupled concentration fluctuations of two different species. Thus,
the angular dependence of the scattered light should depend on
terms involving each form factor individually and on a term
involving a product of the two form factors. The effect this will
have on the calculated radius of gyration has been determined
for an isorefractive ternary solution®® following the theory of
Benmouna et al# The problem has been approached by
considering that the measured values give an “apparent radius
of gyration” which can then be related to the actual radius of
gyration. The apparent radius of gyration is given as

R, B
R, 2=R,2(1+ Gib ) 1)
Gieo G Rg,’ (1+ 24,0 M) (

where the subscript a represents the visible component (PS) and
b the invisible component (PHIC). B is defined as

_— (4A2,5A2,bMaMbcacb)
(1 + 2A2,6Mbcb)

(2a)

and
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A
b= (2b)
A2,aA2.b

where A, represents the respective thermodynamic second virial
coefficients, M the molecular weights, and ¢ the mass concentra-
tions.

An estimate of the change in Rg from the above correction is
on the order of 5% or less. Thus the Rg measured should be a
good representation of the true Rg of the polystyrene in solution,
especially given the uncertainties in measurement of ~10%. The
uncertainty in the values of Rg that are reported is relatively
high, because the amount of information available to form a linear
fit is less than that in a standard Zimm plot where a linear fit
is constructed from points which were also determined by linear
fits.

Differential Index of Refraction. The differential index
of refraction (dn/dc) was measured as a function of temperature
from 20 to 80 °C in 5 °C increments. The exception was from
70 to 80 °C where 2 °C increments were used. The experimental
details are described in I. The optical matching point was
determined by a linear fit of the dn/dc values as a function of
temperature (Figure 1). These values were determined using a
10.0 mg/mL solution of the broad fraction of PHIC. The optical
matching point at 488 nm was 74,9 0.7 °C, and ternary solution
experiments were performed at 75.0 °C. The optical matching
point was 75.4 £ 0.7 °C at 436 nm and 74.3 £ 0.6 °C at 546 nm.
No difference was seen in the dn/dc for the fractionated samples.

The index of refraction of toluene is close to that of PHIC but
is never isorefractive. The differential index of refraction at T’
= 25.0 °C was 0.016 mL/g for A = 488 nm and 0.015 mL/g for A
= 514 nm. This differential index of refraction decreases with
increasing temperature and at 75.0 °C is similar to that of PHIC
in tetrachloroethane at 25 °C (Figure 1). An extrapolation of
these results indicates an isorefractive point at 105-115 °C. The
boiling point of toluene, however, is 110.6 °C. Measurements in
toluene were done at 514 nm, because a slight improvement in
theindex match was seen with increasing wavelength. This causes
adecrease in scattered light intensity, however, by 23 % compared
with 488 nm due to the A+ dependence of intensity in Rayleigh
scattering. A shiftto632.8 nm (He-Ne laser line) would be likely
to improve the index match but would cause a drop in scattered
intensity by a factor of 2.8, as well as severely limiting the
maximum input power available.

Materials. The poly(n-hexyl isocyanate) (PHIC) used was
synthesized and donated by Shaul Aharoni of Allied Corp. It
was prepared using a modification of Shashoua’sé method. For
poly(n-alkyl isocyanates) this involves an anionic polymerization
of RN=C==0, where R represents the alkyl side chain in the
resulting polymer. The PHIC was fractionated by Keep®*® using
THF as agood solvent and water as anonsolvent. Three samples
were studied. The unfractionated sample prepared by Aharoni
is referred to as sample A or “broad”. The other two fractions
(previously studied in cyclohexane®™) were identified as “big”
and “small”. These will also be referred to below as fractions B
and C, respectively. The 390 000 polystyrene was described in
1

FTIR Analysis. Forthesamplesintetrachloroethane, Fourier
transform infrared (FTIR) spectra were obtained both before
and after filtering to monitor any changes in concentration upon
filtering. Approximately 0.4 mL of solution was collected for the
FTIR measurements (enough to fill a demountable IR cell with
a 0.5 mm spacer). These measurements were done on an IBM
IR/98 (LWN = 15797.49) using a demountable liquid cell with
IRTRAN-2windows. Allmeasurementswere made witha DTGS
detector using 2 cm-! resolution. Teflon spacers of 0.1 and 0.5
mm were used, depending on sample concentration.

The concentration of PHIC was monitored at the 2860, 1690,
1470, 1340, and 1090 cm-! lines. The polystyrene concentration
was monitored at the 1605 cm-! line. The peak comparisons
were done using peak height. Since these were direct comparisons
of samples, there was no need to determine a functional
concentration dependence for each peak. All FTIR measure-
ments were done under identical conditions to avoid differences
in peak shape and height due to different spectrophotometer
conditions (e.g., too fast a scan rate can lead to peak broadening).
Since the measurements were single beam and referenced against
air, several solvent reference lines (2550, 2520, 2480, 2425, 2380,
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Figure 1. Differential refractive index of the broad fraction of
PHIC as a function of temperature in the following solvents: (@)
1,1,2,2-tetrachloroethane, A = 436 nm; (O) 1,1,2,2-tetrachloro-
ethane, A = 546 nm; (0) toluene, A = 514 nm. The 514 nm data
for toluene represent an interpolation of 436 and 546 nm results.

2070, and 1805 cm-!) were monitored to ensure that the cell
spacing was constant between measurements. The spacing of
the interference fringes was also used as an independent check
on the cell spacers.

The chief concern was that some of the polymer might be
deposited on the filter, especially as the solutions become more
concentrated and aggregation or poorly understood cooperative
motions might be present. No change in either PHIC or PS
concentration was seen for any of the samples. The samples in
toluene were not monitored by FTIR because the toluene
absorption bands obscure the peaks due to PHIC and PS.
Ultraviolet (UV) spectroscopy could not be used, because both
solvents absorb strongly in the UV region.

3. Binary Poly(n-hexyl isocyanate) Solutions

It is well-known that poly(n-alkyl isocyanates) are
relatively stiff-chain molecules in solution.#” The chain
is an alternating carbon and nitrogen backbone which
forms a helix with three twists for every eight monomers.

1
c—rlq—)n—

CnH2n+1

This helix arises because of steric interactions which
prevent the chain from adopting a planar configuration.
A twist along the backbone minimizes these interactions.

Two main possibilities have been proposed to explain
the flexibility that is present in the chain. One is that
reversals in the helix occur occasionally, causing a bend
in the chain®4® Over a long enough contour length the
chain would then appear similar to a flexible coil. The
other idea is that small oscillations in the twist angle of
the helix cause local flexibility in the chain. These
oscillations would allow the chain to bend when observed
over many bond lengths. This second reason is believed
to be the primary cause of flexibility in chains with contour
length similar to those used here.?%5! Polar solvents
increase this bond angle oscillation, thus increasing
flexibility in comparison to nonpolar solvents. This
increase in flexibility generally makes the polymer more
soluble.

The PHIC was characterized in binary solutions in order
to better understand the ternary solution dynamics
(presented in sections 4 and 5). Because of the refractive
index matching in tetrachloroethane and toluene, the
PHIC could not be studied by light scattering in these
solvents. However, the intrinsic viscosity was measured.

Dynamics of Flexible Coils. 2 6819

DLS was performed on dilute solutions of PHIC in
chloroform. The results from DLS and intrinsic viscosity
can be used separately to calculate molecular shape and
gize parameters. A combination of these techniques
provides more information than is possible using either
one individually. The importance of determining the
contour length of the PHIC is shown through a discussion
of the Doi-Edwards theory for the semidilute regime.
Finally, a comparison to previous experiments on PHIC
in cyclohexane is presented. These previous experiments
were done using the same fractions of PHIC, and it was
thus expected that the results would agree closely with
what was found here. It is seen, however, that the solvent
has a significant effect on the PHIC.

DLS in Chloroform. Dilute solution samples in
chloroform were analyzed using DLS with PHIC concen-
trations of 0.87, 0.17, and 0.50 mg/mL for fractions A-C,
respectively. Scattering angles of 20°, 30°, and 55° were
used. Lower angles were not included to avoid distortion
of the distribution due to dust contributions, while at
higher angles the sample scattering was too weak to
accurately measure. DLS spectra were collected for as
long as 15 h, yet they were much lower in quality than a
typical polystyrene measurement. A signal-to-noise ratio
for the correlation functions was determined in order to
monitor the quality of the data. The second channel of
the correlation function with the base line subtracted was
used as the signal. The root mean square fluctuation in
the delay channels was used as the noise. Signal-to-noise
values of between 25 and 140 were obtained for individual
correlation functions of PHIC in chloroform (compared
to 1000-2000 obtained for polystyrene in tetrachloro-
ethane).

The distribution of relaxation times was unimodal and
relatively broad. Athigher concentrationsthe DLSspectra
of PHIC have been seen to become multimodal,?3¢ go
concentrations in the dilute regime were used here. The
distribution of diffusion coefficients was determined under
the assumption that the PHIC was small enough so that
rotational motion was not present in the DLS spectrum.
The diffusion coefficients were 4.5 (£0.9) X 10-7,2.9 (£0.4)
X 1077, and 4.9 (£0.7) X 10-7 cm?/s for the broad, big, and
small fractions, respectively. The broad fraction was
measured at 20 °C, and the other two fractions were
measured at 25 °C. Solvent values for the viscosity of
chloroform were used for the subsequent calculations.

* The diffusion coefficients were used to determine the
lengths for a rodlike chain (Table 1). This was done using
the corrected Broersma®2-5 theory (estimated to be valid
for axial ratios greater than 5), which predicts

D= ﬁT-—M -] (3)
3oL
where
& = In(2L/d) (4a)
v =-0.01713 + 4.154/6 - 5.8/6* (4b)

and d is the diameter of the chain. An estimate for the
diameter of PHIC was taken as 1.4 nm.223 Dijameters of
1.5 and 1.6 nm have been reported elsewhere,2556-58 byt
changes in the diameter have a very small effect on the
calculated length. The theory of Tirado and Garcia de la
Torre5®8 (T-G) could also be used for a rigid rod but only
leads to small differences in the calculated length for axial
ratios above 10 (as in this study).

The chain length can also be calculated using the
Yamakawa and Fujiié162 (Y-F) theory for the translational
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Table 1. Calculated Contour Lengths of PHIC Fractions (All Lengths in nm)

Y-F (for given persistence length) KAR (for given ly)

Broersma Tirado infinite 25 20 0.17 0.20

big 128 £ 18 135 £ 18 140+ 18 155+ 24 160 £ 25 167 + 27 105 96
small 64 =10 7011 74 £11 76 £ 11 78 + 12 80+ 12 59 53
broad 65+ 12 7010 76 % 10 7716 78 £ 16 80+ 16 54 49

friction coefficient of a wormlike coil. The measured
diffusion coefficient in the Y-F theory predicts the contour
length of the chain for a given persistence length. For an
experimentally determined diffusion coefficient, the pre-
dicted contour length decreases as the persistence length
used in the calculation is increased. When L < 2P, the
Y-F theory predicts essentially rigid-rod behavior. A
discrepancy exists between the Y-F rigid-rod limit, T-G,
and Broersma values for the diffusion coefficient of a rigid
rod, due to the treatment of the ends of the rod (“end
effects™).

Intrinsic Viscosity. The intrinsic viscosity of a
polymer solution may also be used to measure the size of
the polymer. The intrinsic viscosity, [7], is determined
from the equation

(2-1)g =t +r0arc ®)
Mo

where C is the mass concentration, 7o the solvent viscosity,
and k'’ the Huggins constant. Intrinsic viscosities for the
PHIC were determined using ternary solutions. The value
for a polystyrene 1.0 mg/mL solution was used for 7o in
the tetrachloroethane solutions. Similarly, the 2.0 mg/
mL solution value was used for the toluene measurements.
All intrinsic viscosities are for 25 °C. The intrinsic
viscosities in tetrachloroethane were 74 £ 3, 247 + 2, and
88 + 3 mL/g for the broad, big, and small fractions,
respectively. The intrinsic viscosity of the broad fraction
was 126 £ 6 mL/g in toluene. These were determined
using the low concentration solutions where the reduced
specific viscosity was a linear function of concentration.
k' was 0.49 £ 0.03,0.80 + 0.02, and 0.51 £ 0.17 for the three
fractions in tetrachloroethane, respectively. These Hug-
gins constants are consistent with those determined by
Keep for the same fractions, with the largest fraction
having the highest k’ value. In toluene, k' was 0.75 + 0.10.
Others have found similar values for the Huggins constant,
as well.8 The intrinsic viscosities in tetrachloroethane
are considerably lower than Keep’s values. Although a
decrease is expected as the polarity of the solvent increases,
the change should not be so large. This is possibly due
to aggregation in the nonpolar solvent as will be discussed
further below.

An assumption about the shape of the polymer has to
be made in order to determine its size using intrinsic
viscosity. For arigid rod, the Kirkwood-Auer-Riseman47
(KAR) equation

=& 6
90M In(2L/d) ©

(7]

may be used to determine the intrinsic viscosity. The
diameter, d, and the length per monomer, [y, are required
to determine the intrinsic viscosity for a given molecular
weight. A diameter of 1.4 nm was used (see above), and
the result was not highly dependent on this value since it
only appears in the logarithmic term.

The length per monomer is more important, since it is
needed to compare the length to the molecular weight.
Values of |y between 0.11 and 0.24 nm have been reported
in the literature.#” The lower values of l; have been
determined from dielectric measurements. X-ray dif-

fraction, static light scattering, and molecular conforma-
tion calculations give lpin arange of 0.18-0.20 nm. Intrinsic
viscosity studies have indicated /o to be about 0.17 nm.

The importance of the monomer length arises from the
comparison of the viscosity results to the DLS results.
The DLS results do not depend on the monomer length
but only on the contour length of the polymer. Thelength
of the chain calculated from the intrinsic viscosity depends
on both the contour length and the molecular weight. The
molecular weight can be simply related to the contour
length if the monomer length is known. Thusa comparison
of these two techniques requires that the monomer length
be known.

The lowest values of [y that have been reported are not
considered plausible, because they differ from the X-ray
structure by so much. In general, previous studies have
considered [y to be somewhere between 0.17 and 0.20 nm.
Instead of selecting a particular value, the range of values
from 0.17 to 0.20 nm is examined here.

It has been shown that the intrinsic viscosity of PHIC
increases in solvents with decreasing polarity.84 This is
most likely due to the increasing stiffness of the polymer
chain in these solvents. The intrinsic viscosity for a
perfectly rigid rod should not be strongly affected by the
solvent, since the intrinsic viscosity depends on the solvent
only through the solvent’s effect on the length and diameter
of therod. For aperfectly rigid rod it is not expected that
the length would change with solvent. The diameter
should not be affected enough to make a significant
difference. Since the intrinsic viscosity is observed to
decrease with increasing solvent polarity, this indicates
that the chains are not entirely rigid, so that flexibility
should be taken into account.

Yamakawa and Fujii® have developed a theory for the
intrinsic viscosity of wormlike chains. As in their theory
for translational diffusion, this theory consists of two
cases: achain more similar to a rigid rod, or a chain more
similar to a flexible coil. The equations are not presented
here due to their complexity but are essentially modifica-
tions of either the rigid or flexible limit. The two theories
agree only for the rigid-rod limit where d — 0 (or L/d —
«). The input parameters are the same as those for the
KAR theory, with the persistence length as an additional
parameter. A combination of the DLS and viscosity results
can be used to estimate the persistence length.

Determination of Mark-Houwink Exponent. The
relationship between the intrinsic viscosity and the
molecular weight depends on the shape of the polymer.
For a polydisperse system the intrinsic viscosity may be
expressed as a power law dependence on molecular weight
using the familiar Mark-Houwink equation

[n] = KM M

where M, is the viscosity-average molecular weight. For
a non-free-draining random coil @ = 0.5. For a free-
draining coil @ = 1.0 and M, = M,,. For flexible chains the
value of M, generally lies between M, and M.

The dependence of length is

[n] < L*/n(2L/d) 8)
using the KAR equation for a rodlike polymer. The value



Macromolecules, Vol. 27, No. 23, 1994

of the exponent, a, in the Mark-Houwink equation can be
determined from the slope of the plot of lot [7] vs log [M].
For a rigid rod this value is not constant for all molecular
weights. The slope for a particular molecular weight can
be used to provide an “instantaneous” value for this
exponent. This is determined by taking the derivative of
log [#] with respect to log [M]. For the KAR equation

a=2.0-1/In(2L/d) 9

When the axial ratio approaches infinity, the value of the
exponent a approaches 2. For axial ratios actually
encountered experimentally (50-500), the exponent ranges
from 1.75 to 1.85 for a rigid rod using the KAR equation.
Using the Yamakawa-Fujii theory for a long, perfectly
stiff wormlike coil, the value of @ ranges from 1.70 to 1.80.
The dependence of a on the persistence length and contour
length for a wormlike coil has been calculated elsewhere.4?
A wormlike coil with P=30nm,L =120 nm,andd =14
nm has a = 1.2 using the Y-F formulas. For typical
parameters (20 < P < 40, 20 < L < 200, d = 1.4 nm) the
value of a ranges from 1.15 to 1.40.

In the extremely long rod limit where a = 2, M, =
(MyM,)1/2, For arelatively narrow fraction this would be
approximately the average of My, and M,. As the value
of a decreases toward 1, the value of M, approaches more
closely to My. For a wormlike coil M, > M, but it is
always closer to M, that to M,. The persistence length
can be determined from the knowledge that M, must lie
between My, and (M,M;)'/2,

Polydispersity. In this study M, (from DLS) and M,
(viscosity) were measured directly. The value of M, was
also necessary to find the persistence length, so it was
determined by the breadth of the distribution measured
by DLS. The uncertainty in My, was large compared to
M, because the shape of the DLS relaxation time
distribution was relatively large due to the weak scattering
intensity of the PHIC solutions.

The distributions of chain lengths of the three fractions
could be estimated from DLS using one of the three
theories mentioned above (Broersma, Tirado and Garcia
de la Torre, or Yamakawa and Fujii) which relate
translational diffusion coefficients that are directly mea-
sured in DLS to molecular dimensions. This was done by
suitably modifying the kernal of the CONTIN analysis
program. The details of this procedure are given else-
where.42

The polydispersity, M,/ My, was determined from the
chain length distribution. Using the Broersma and T-G
equations in the kernel of CONTIN gave nearly identical
polydispersity values. Yamakawa and Fujii’s results for
large persistence lengths (P > 50 nm) agreed closely with
the rigid-rod polydispersities. The polydispersity deter-
mined using Y~F with a persistence length of 20 nm was
larger than the rod values by 30%.

Assuming a wormlike chain with P = 20 nm gave
polydispersities of 1.89, 1.55, and 1.43 for the broad, small,
and big fractions of PHIC, respectively. L, was slightly
larger than Ly, as expected. The relatively poor signal to
noise of these measurements does not permit a precise
calculation of the persistence length. The results were
consistent with a wormlike chain with a persistence length
between 20 and 40 nm, which is consistent with previous
studies of PHIC in polar solvents.658 Some of the
individual fractions appeared to be consistent with one of
the rigid-rod theories, but the results from all of the
fractions could not be reconciled using either of the rod
theories with a single value for the monomer length.

Semidilute Regime. Anaccurate determination of the
length of the PHIC chains is important for characterizing
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Table 2. Dilute Solution Results of PHIC in Cyclohexane
from Keep and Pecora (1988)

hydrodyn radius (A)
conc (mg/mL) DISCRETE CONTIN
big PHIC, wet 0.17 157+ 2 143+ 4%
big PHIC, dry 0.0604 187 £ 27 a
big PHIC, dry, 40 °C 0.0604 168 43 a
small PHIC 0.35 76x5 66 £ 10%
0.64 87+3 71+ 8%

@ The error in the correlation functions was too large to obtain a
meaningful result for these fractions by CONTIN analysis.

the chain dynamics in the semidilute regime. Doi and
Edwards!™19 define the semidilute regime as

1 K C«x 1 (10)

L3 L%

where L is the rod length, d the rod diameter, and C the
number concentration. Semidilute behavior is not gener-
ally observed experimentally until CL3 is 10-50.23:3066

For a polydisperse system a sum may be taken over all
of the different lengths present in solution. An “effective”
value of CL? may be defined by

N
Z C.L? (11)

i~
=1

where C; is the number concentration of rods with length
L;. This definition is, of course, not rigorous but provides
a rough measure of semidiluteness.

The number concentration of rods, C;, is not directly
observed in these experiments, however, and its deter-
mination from the DLS distribution involves considerable
uncertainty. It may be shown that the sum in eq 11 is
equivalent to CL,Ly/ o where Cy, is the mass concentration
and ¢ is the mass per unit length of the rod. The value
of Cry is known when the sample is prepared. The monomer
weight is 127 g, and the length per monomer is taken as
1.7-2.0 A. This gives a value of 63.5-74.7 g/A for s. L,
is determined by the DLS experiment, and L, may be
calculated with a small loss of accuracy from L,.

PHIC in Cyclohexane. Measurements of the same
fractions of polyisocyanates were made by Keep,2%30 and
molecular weights higher than those determined here were
reported. A careful comparison, however, shows that the
results of the two studies are not inconsistent. The major
difference is the solvents used in the two studies. Keep
used cyclohexane for both viscometry and DLS. Cyclo-
hexane is a nonpolar solvent, and the polymer chains are
expected to be stiffer than they would be in a polar solvent.

The molecular weights used by Keep were determined
using the Kirkwood-Auer-Riseman equation to relate the
intrinsic viscosity to the length of the polymer chain. The
viscosity results have a relatively small error, and most of
the uncertainty in the length and molecular weight comes
from the value of the monomer length, /y, used in the KAR
equation. Thus for the big PHIC fraction the following
values may be calculated:

lh(A) L&) M
2.0 1610 102 000
1.7 1760 131 000

The dilute solution DLS results (included in Table 2)
may also be used to determine a hydrodynamic radius
that can then be compared to the contour length by making
assumptions about the stiffness of the chain (e.g., rod,
worm, coil). The dilute solution values naturally have the
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highest error of all the measurements, because the
scattering power of the polyisocyanates is extremely weak.
Furthermore, the DLS results of Keep were done with a
scattering angle of 90°, and total collection times were 1
horless. Amajordifficulty atsuch a high scattering angle
is the need to use small sample times (typically, 3 us),
which caused the spectra to have contributions from
photomultiplier afterpulsing as high as 60% of the total
spectrum. In two instances the error was over 100% in
the CONTIN analysis, and no values are reported in Table
2 for these solutions.

The apparent hydrodynamicradii presented by Keep??30
correspond to smaller molecular weights than the viscosity
data by as much as 25%. Keep mistakenly assumes the
viscosity average to be a z-average (which is what DLS
measures) and thus describes an agreement of the viscosity
and DLS values. Actually, the viscosity molecular weight
should be smaller than the z-average molecular weight. In
addition, the values previously reported in the literature
were analyzed using DISCRETE,* which fits the DLS
spectrum as a sum of single-exponential decays. CONTIN
(which allows for broad distributions of relaxation times)
is more appropriate when the distributions are not
monodisperse. The CONTIN analysis gave hydrodynamic
radius values 10-20% lower than from the DISCRETE
analysis, which worsens the agreement between the
viscosity and DLS results.

The most accurate of the dilute solution results is the
big PHIC “wet”solution. A CONTIN fittothisdatashows
Ry = 14.3 nm (24 %), instead of 15.7 nm by DISCRETE.
This corresponds to a rigid rod of length 134 nm using
Broersma or 141 nm using Tirado—Garcia de la Torre.
This compares closely with the CONTIN results deter-
mined in chloroform in this work. Itistobe expected that
the rigid-rod length determined should be slightly larger
in the less polar solvent, cyclohexane. If considered to be
a wormlike coil with a persistence length of 40 nm, then
the big PHIC in cyclohexane has the same contour length
as that determined in this work in chloroform assuming
a persistence length of 25 nm. The small PHIC results
indicate a length of between 50 and 70 nm using Broersma.
The value depends on whether DISCRETE or CONTIN
is used to analyze the data, as well as which concentration
is used. This range, however, agrees with the results
determined in chloroform in this work.

The DLS results in cyclohexane indicate a smaller length
than the length determined by viscosity, which would be
consistent with asmall amount of aggregation. This would
cause the viscosity molecular weight to appear larger. The
DLS results might not detect this aggregation, because
extremely large aggregates will scatter strongly but will
move much more slowly than single chains. This would
cause a very slow relaxation, which would appear as “dust”
(i.e.,small amounts of large-sized impurities which can be
difficult to entirely remove from light scattering samples).
A further interesting note is the agreement with the wet
solution. This might indicate the absence of aggregation
in water-saturated cyclohexane, which might be acting as
amore polar solvent than pure cyclohexane (although still
less polar than chloroform).

One further piece of evidence is that measurements of
poly(n-butylisocyanate) (PBIC) were made in chloroform,
because it visibly aggregated in cyclohexane. The PBIC
in chloroform showed the expected result of L, < L,. The
intrinsic viscosity result of PHIC in toluene was similar
in nature to the cyclohexane results. Using the KAR
equation gives a length of 66-72 nm depending on the
value used for the monomer length. Thisis approximately
the same as the rigid-rod values determined from DLS,
even though the DLS value should be considerably higher
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for a polydisperse fraction. It seems quite reasonable that
some aggregation also occurs in the toluene samples, since
aggregation of PHIC has been observed in toluene by
dielectric relaxation measurements.5’

The value for the length of the PHIC used in later
analysis of the semidilute ternary systems is important in
calculating a dimensionless concentration. Because of the
larger lengths assumed by Keep, his values of CL3 are
higher than those used here for equal mass concentrations.
For a 1.0 mg/mL solution of PHIC, CL3 is 6.53 and 24.5
for the small and big fractions, respectively, if the lengths
determined by Keep are used. Here the PHIC is deter-
mined to be a wormlike chain; however, the length of an
equivalent rod (from Table 1) can be used to calculate
CL3. Using the lengths measured here, for a 1.0 mg/mL
solution, CL3is 2.5 and 10.9 for the small and big fractions,
respectively. Thus for equal mass concentration, the
values for CL? calculated by Keep are 2-3 times larger
than those calculated here (using an equivalent rod length).
Values of CL3 were also determined here by taking L to
be the contour length of the wormlike chain. In this case,
CL® is 3.9 and 15.9 for the small and big fractions,
respectively, for a 1.0 mg/mL solution. This leads to a
difference of ~1.5 in the calculated value of CL3. In
comparing results between the two studies, one may
approximately consider the CL3 values calculated by Keep
to be twice those determined here for solutions of equal
mass concentration.

4. Translational Diffusion of PS in Ternary
Solution

The ternary solutions are composed of the two previously
studied polymers, PS and PHIC in either 1,1,2,2-tetra-
chloroethane ortoluene. The polystyreneisalways present
at 1.0 mg/mL concentration in the tetrachloroethane
solutions. In the toluene solutions the concentration of
polystyreneis 2.0 mg/mL. Asdiscussedinl,the PS overlap
concentration is 24.0 mg/mL, so the concentration of
polystyrene is always dilute. The PHIC concentrations
were chosen to extend from the dilute regime into the
semidilute regime for the rodlike polymers. The PHIC is
either completely isorefractive or nearly isorefractive, so
that the predominant contribution to the light scattering
spectra comes from the polystyrene.

Diffusive Modes of Ternary Solution. The PS/
PHIC mixtures were studied with DLS at ¢2 values of 4.2
X 10°-1.16 X 10! cm2 Typically measurements were
made at 10 or 20 different scattering angles, varying at
either 5° to 10° increments, from 20° to 130°. The
predominant feature of the correlation spectra was a single
mode which accounted for 95-100% of the intensity. It
always showed alinear dependence between the relaxation
frequency I' and g2, which is indicative of a translational
diffusion process (a representative fit is shown in Figure
2). The values for the diffusion coefficients were taken
from the slope of the linear fit of T vs g2 and are shown
in Table 3. The toluene values are shown in Table 6d.

Arepresentative correlation function for a binary PHIC
solution is shown in comparison to a binary PS solution
correlation function in Figure 4. The PHIC spectra show
no evidence of correlation. Similar spectra were obtained
over a wide range of scattering angles, sample delay times,
and total correlation times. All of these spectra showed
no correlated behavior. The sample spectrum in Figure
3 was taken at a temperature of 25.0 °C, where the PHIC
is not completely isorefractive. The difference in index
of refraction (“contrast”) is apparently too small to observe
correlation above the background of solvent and dust
scattering. This does not imply that scattering does not
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Figure 2. Relaxation constant, T, of the PS translational
diffusion mode as a function of g2 The sample was 1.0 mg/mL

PS and 10.3 mg/mL broad PHIC in TCE at 25.0 °C. The slope
of the linear fit represents the translational diffusion coefficient.

Table 3. Diffusion Coefficients [(cm2/s) X 108] of
Polystyrene in Ternary Solutions

I' [sec]

conc (mg/mL) 25°C 50°C 75°C
a. Broad PHIC
1.92 6.92 £ 0.03 12.03 + 0.15 17.856 £ 0.10
4.04 6.46 £ 0.04 11.90 £ 0.11 17.34 £ 0.10
6.02 5.89 = 0.05 10.96 £ 0.12 16.58 £ 0.22
10.08 447 £0.03 847 +0.15 13.43 £ 0.23
19.98 3.02 £ 0.02 6.63 + 0.08 10.22 £ 0.14
29.96 2.09 £ 0.01 3.70 £ 0.07 6.48 = 0.07
b. Big PHIC
0.36 7.69 £ 0.04 11.83 = 0.08 18.06 £+ 0.21
0.70 7.17 £ 0.07 11.45 £+ 0.09 16.79 £ 0.06
1.14 6.86 % 0.04 11.11 £ 0.08 17.10 £ 0.17
1.41 6.55 £ 0,04 10.25 £ 0.15 15.51 £ 0.17
2.00 5.92 + 0.06 10.03 £ 0.06 17.65 £+ 0.59
3.46 495+0.14 7.90 + 0.06 15.51 £ 0.04
6.00 441 £0.02 7.28 £0.07 11.59 £ 0.18
10.20 2,28 £+ 0.04 3.43+£0.04 6.16 £ 0.15
¢. Small PHIC
0.53 7.95 £ 0.09 12.45£0.18 18.29 £ 0.14
1.28 7.41 + 0.05 11.69 = 0.07 17.42 £ 0.10
2.54 6.96 + 0.12 11.23 £ 0.21 15.80 £ 0.29
3.12 6.78 £ 0.14 10.97 + 0.28 15.77 £ 0.12
4.14 6.00 = 0.05 9.70 £ 0.07 15.05 £ 0.51
8.38 4.62 £ 0.08 7.47 +£0.05 13.14 £ 0.16
9.98 446 £0.11 6.88 + 0.05 11.30 £ 0.11
15.02 3.27+£0.03

occur where a slight index mismatch exists but only that
it is too weak to detect in this way.

The diffusion coefficient of the PS decreased with
increasing concentration of PHIC. Atlow concentrations
of PHIC, the diffusion coefficient approached the dilute
solution PS value. Thus, this mode corresponds to the
translational diffusion of the polystyrene. It may be
considered to be approximately the same as the self-
diffusion coefficient of the PS. The DLS techniquestrictly
measures mutual diffusion of macromolecules. As the
polymer concentration is reduced to zero, this becomes
equivalent to the self-diffusion coefficient. The use of
the optical tracer technique here is of interest, because it
is inferred that the tracer self-diffusion coefficient will be
measured even as the matrix concentration increases. It
has not been conclusively shown that a tracer experiment
of this type will measure self-diffusion. However, com-
parisons of the results of optical tracer DLS and forced
Rayleigh scattering (FRS) (which typically measures the
self-diffusion coefficient) experiments on the same system
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Figure 3. Representative second-order homodyne correlation

functions, G®(r), taken at a temperature of 25.0 °C. ais for a

10.0 mg/mL PHIC in TCE solution at a scattering angle, ©, of

90.0°. b is for a 1.0 mg/mL PS in TCE solution at © = 123.7°.
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Figure 4. Y-axis representing the Stokes-Einstein hydrody-
namic radius, Ry, of the polystyrene coil in ternary solution
divided by Ry of the PS coil in the binary PS8 solution. This ratio
is shown as a function of the mass concentration of PHIC in the
ternary solution. At zero concentration this ratio is 1 by
definition. The curves are drawn only to guide the eye. (X)
Broad PHIC fraction in TCE. (1) Big PHIC fraction in TCE.
(@) Small PHIC fraction in TCE. (<) Broad PHIC fraction in
toluene.

have shown the two diffusion coefficients to be the same
(within an error of 10-15%).68

Static Light Scattering. The main purpose of the
static light scattering is to look for changes in the solution
behavior with changing amounts of PHIC. These mea-
surements should be sensitive to aggregation, as this would
increase the apparent radius of gyration. The radius of
gyration values for the polystyrene in binary solution are
shown in Table 4. The radius of gyration values for the
polystyrene in ternary solution are shown in Table 5. Any
difficulties with excess scattering at low scattering angles
could be attributed either to dust in the samples or to
stray light from cell interfaces. Neither problem was
correlated with sample concentration, and this excess
scattering was present in binary solutions and pure solvent
as well.
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Table 4. Radii of Gyration (nm) of Polystyrene in Binary

Solution
PS conc (mg/mL) 25°C 50°C 75°C
(Zimm) 31.0£ 1.7 31.2414 30.2%1.8
0.50 318+ 23 31.9+ 2.4 30.7+ 2.3
1.00 33.0+£1.9 312+ 2.1 31.9+ 2.3
1.50 27.8+2.2 31.7£2.1 31.0+3.3
2.00 31.0£ 2.0 33.3+£24 30.7 £ 2.4
2.50 32419 314+£24 31.8+ 3.5
Table 5. Radii of Gyration (nm) of Polystyrene in Ternary
Solution
PHIC conc
(mg/mL) 25°C 50°C 75°C avg
a. Broad PHIC/PS/TCE
1.92 327+ 3.6 29,1+ 37 30.9
4.04 311+ 18 29.7+ 4.1 30.4
6.02 3186+ 3.2 31.2+3.8 314
10.08 3156+ 1.8 34.1 £2.3 32.8
19.98 34.0x 1.9 32.0£ 3.0 33.0
29.96 31.2+£1.8 32.0 £ 3.0 31.6
b. Big PHIC/PS/TCE
0.36 319+ 2.1 33.1+£2.1 324+2.4 32.5
0.70 286 +£2.3 33.7x£ 2.5 31.3+2.4 31.2
0.70 31.8% 2.2 354+ 3.1 33.5%25 33.6
1.14 31.6 £ 2.6 337+ 29 31.3£2.7 32.2
2.00 241+24 249 £ 2.7 22.6+ 1.6 23.9
3.46 30.4 £ 2.2 314 +£2.2 30.0£2.0 30.6
6.00 276+ 2.2 288+ 2.2 276+ 2.3 28.0
10.20 26.5+ 1.9 26,7+ 2.0 250+ 2.1 26.1
¢. Small PHIC/PS/TCE
0.53 321+23 33.0+2.7 320+ 2.0 32.4
1.28 33.0+ 2.4 316+1.9 322+ 2.4 32.3
2.54 31.8+ 2.3 33.6 2.5 319+£19 32.4
3.12 312+ 22 33.0%+23 31.6+ 2.0 31.9
4.14 31.0+£ 2.1 31.2+20 30.0+ 1.7 30.7
9.98 31.3+£2.0 31.3+3.8 30.6 £ 4.1 31.1

The radius of gyration measured here was essentially
constant over the entire PHIC concentration range. In
the big PHIC there seemed to be a slight coil contraction,
since R for the highest concentration sample was ~20%
smaller than for the binary PS solution. A decrease in the
radius of gyration of a tracer coil has been predicted and
observed by many in both binary and ternary concentrated
polymer solutions.?® The deviation observed here would
be consistent with these previous observations, but it
should be noted that it was only marginally larger than
the experimental error.

These results show that the size of the coil in solution
may decrease slightly with increasing PHIC concentration
but generally remains constant over the range of concen-
trations used here. There is also no indication of
polystyrene aggregation with increasing concentrations
of PHIC.

Stokes—Einstein Behavior. If one observes the mac-
roscopic viscosity of the solutions, then a comparison to
Stokes—Einstein behavior may be made. Essentially this
consists of using the solution viscosity instead of the small-
molecule solvent viscosity (here TCE or toluene) in the
Stokes—Einstein equation

_ kgT
N 6mnRy

(12)

If Ry, the apparent hydrodynamic radius, remains constant
with changing viscosity, then the solution is considered to
show S—-E behavior. Thisindicates that the particle motion
is governed by the macroscopic composition of the solution,
rather than by the local geometry. For all fractions, the
effective hydrodynamic radius of the coil decreases with
increasing concentration of PHIC (Table 6 and Figure 4).
For comparison purposes the hydrodynamic radius of the
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Table 6. Effective Hydrodynamic Radius and Translational
Diffusion of Polystyrene, MW = 390 K, in Ternary Solution
(Temp = 25 °C)

conc diff coeff viscosity effective hydrodyn
(mg/mL) X 108 (cm?/s) (cP) radius (nm)
a. Broad PHIC/TCE
0,00 8.25 1.84 14.38
1.92 6.92 £ 0.03 2,12 14.88 = 0.06
4.04 6.46 £ 0.04 2.48 13.64 = 0.08
6.02 5.89 £ 0.05 2.85 12.99 £ 0,11
10.08 4.47 £ 0.03 3.43 14.24 £ 0.10
19.98 3.02 £ 0.02 5.38 13.43 = 0.09
29.96 2.09 £ 0.01 11.64 8.97 &+ 0.04
b. Big PHIC/TCE
0.00 8.25 1.84 14.38
0.36 7.69 = 0.04 2.02 14.07 £ 0.07
Q.70 7.17 £ 0.07 2.21 13.80 £ 0.13
1.14 6.86 *+ 0.04 2.42 13.13 £ 0.08
141 6.55 £+ 0.04 2.66 12.52 + 0.08
2.00 5.92 %+ 0.06 3.08 12.17£0.12
3.46 4,95 + 0.14
6.00 4.41 £0.02
10.20 2.28 + 0.04
¢. Small PHIC/TCE
0.00 8.25 1.84 14.38
0.53 7.95 £ 0.09 1.93 14.23 £ 0.16
1.28 7.41 £ 0.05 2.06 14.30 £ 0.10
2.54 6.96 = 0.12 2.29 13.70 £ 0.24
3.12 6.78 £ 0.14 2.42 13.30 £ 0.27
4,14 6.00 £ 0.05 2.67 13.64 £ 0.11
8.38 4.62 £ 0.08 3.56 13.27 + 0.23
9.98 4.46 + 0,11 4.02 12,17 £0.30
15.02 3.27+£0.03
d. Broad PHIC/Toluene
0.00 2.65 0.67 12.24
1.02 2.41 £ 0.09 0.80 11.28
1.81 2.18 £ 0.08 0.91 10.99
3.01 1.93 £ 0.04 1.04 10.92
3.97 1.77 £ 0.08 1.12 11.01
5.01 1.58 £ 0.09 1.35 10.23
6.03 1.36 £ 0.10 1.53 10.52
7.02 1.38 % 0.03 1.72 9.20
9.02 1.17 £ 0.04 2.18 8.58
10.20 1.04 + 0.02 2.56 8.21
14.99 0.67 £ 0.03 3.98 8.17

polystyrene in binary solution was determined using the
1.0 mg/mL PS in TCE (or 2.0 mg/mL PS in toluene)
viscosity and diffusion coefficient. This gives a slightly
smaller value than the dilute solution hydrodynamicradius
which uses the solvent viscosity and the zero concentration
diffusion coefficient.

For low concentrations the hydrodynamic radius re-
mains unchanged. As the concentration increases the
hydrodynamic radius decreases by up to 15% in most
instances. In one case (30 mg/mL broad PHIC) Ry
decreases by 35%. The decrease in Ry indicates that the
chain is not being slowed down as strongly as the S-E
equation predicts on the basis of the macroscopic solution
viscosity.

Deviations from S-E behavior have been seen in a wide
variety of experimental systems,310.1170-72 gnd geveral
explanations for the deviations have been presented. Most
of these studies have examined spherical probes, but simple
S-E diffusion of a random coil has been shown to be the
same as that of a hard sphere.”® It has been suggested
that a random coil will shrink in size as the matrix
concentration increases,” but the static light scattering
measurements indicate that the radius of gyration does
not significantly change.

It is possible that deviations from S-E behavior could
be due to local topology. If the distance between en-
tanglements (or “mesh size”) of the rodlike polymer is
larger than the probe size, the probe may be able to move
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through the solution without having to displace the
entangling polymers. The probe could therefore move
faster than indicated by the macroscopic solution viscosity,
which would lead to a smaller measured hydrodynamic
radius. Under this assumption, an increase in the deviation
from S-E behavior would occur with increasing matrix
size and decreasing probe size. Solutions of this type have
been denoted as “underconstrained“.!! The most obvious
example of this type of motion occurs in a gel where the
overall solution does not flow (i.e., infinite viscosity), yet
small probes inside the gel continue to diffuse.

The strongest deviation (by mass concentration) from
S~E behavior seen in this study was for the big fraction
of PHIC. This would be consistent with the explanation
given above, although even for this fraction the average
contour length (~160 nm) of the matrix polymer is only
5 times greater than the average size (give by Rg) of the
probe. The broad fraction in toluene showed a mildly
stronger deviation than it did in TCE. This might be
consistent with the increased stiffness of the PHIC in
toluene, since it would be more extended (and thus behave
as if it were a larger molecular weight). The average
contour length of the smaller PHIC fraction, however, is
only about twice as large as the probe. It seems unlikely
that the characteristic mesh size could be large enough to
allow the probe to move between entangling points without
encountering their resistance.

Another explanation for S-E deviations centers around
cooperative motions of the probe and matrix. It has been
postulated that interactions between the probe and matrix
can perturb the translational diffusion of the probe.&10.70
Where the matrix translates faster than the probe, it is
expected to increase the translational diffusion of the
probe. This effect should depend primarily on the amount
of matrix polymer present and not as strongly on matrix
size. Thisseemsto provide a more reasonable explanation
for the deviations seen in the low molecular weight samples.
It does not explain why the higher molecular weight sample
shows stronger deviations on a per mass basis. Itis possible
that both effects described above (underconstraint, co-
operative motion) could be affecting the high molecular
weight matrix solutions. It should be noted, though, that
the deviations are not extremely large, so the solution may
be loosely considered to show S-E diffusion.

Stretched Exponential Calculations., A number of
different ways are available to characterize the dependence
of the diffusion coefficient of the PS on the concentration
of PHIC. The well-known reptation theory leads to a
power law dependence, Dps = [cpuic]l™. If a power law
dependence holds for the entire range of concentrations,
then the log(D) vs log(c) plot would be a straight line with
a slope of —». However, there is no particular value of »
which will characterize the diffusion coefficient over the
entire range of concentrations studied. Rather, it is
instructive to consider the slope of a tangent drawn to the
curve of a log(D) vs log(c) plot. This can be considered
to show the concentration dependence at a particular
concentration.

It is difficult to graphically select a tangent to the log-
(D) vs log(c) plot due to the error in the data. A consistent
way to find this value is to fit the experimental data to a
stretched exponential concentration dependence

D = D, exp(-ac*) (13)

This function has been shown to adequately represent the
concentration dependence in several studies, although the
existence of an underlying physical basis for this is still
uncertain.
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Table 7. Translational Diffusion Coefficient of PS in
Ternary Solutions: Stretched Exponential Fits with Fixed

temp (°C) o (mg/mL) u
Big
25 0.178 £ 0.018 0.81 = 0.06
50 0.162 £ 0.022 0.85® 0.08
75 0.080 £ 0.018 1.10®0.19
Small
25 0.081 + 0.005 0.90 @ 0.04
50 0.076 + 0.011 0.89 @ 0.07
75 0.071 £ 0.006 0.88 @ 0.04
Broad
25 0.088 + 0.006 0.81 2 0.04
50 0.027 @ 0.003 1.12+£0.11
75 0.020 £ 0.002 1.18 £ 0.08
Broad, Toluene
25 0.112 £ 0.006 0.88 £ 0.04

Table 8. Translational Diffusion Coefficient of PS in
Ternary Solutions: Stretched Exponential Fits with

Floating D,
Do x 108
temp (°C) {cm?/s) a (mg/mL) u
Big

25 8.12 0.159 @ 0.025 0.86 @ 0.16
50 12.11 0.094 2 0.015 1.09 £ 0.23
75 17.20 0.015 @ 0.002 1.85 £ 0.37

Small
25 8.29 0.081 ® 0.008 0.90 £+ 0.09
50 12.72 0.052 £ 0.006 1.09 £ 0.10
75 19.12 0.081 % 0.015 0.83 £0.10

Broad
25 7.94 0.067 = 0.006 0.89 £ 0.15
50 1291 0.069 = 0.011 0.87 £ 0.22
75 18.83 0.036 = 0.004 1.02£0.17

Broad, Toluene

25 27.80 0.143 £ 0.009 0.85 £0.10

Fits to the data were determined using the measured
values of Dg (Table 7) and also by allowing Dy to be a
floating parameter (Table 8). The fixed Dy fits are shown
in Figure 5. Inthis case, Dy is the diffusion coefficient for
zero concentration of PHIC. Since all solutions in TCE
had 1.0 mg/mL PS, the value for Dy was taken from the
1.0 mg/mL binary solution of PS in TCE. The values
used for Dy were 8.25, 13.06, and 18.91 X 10-8 ¢cm?/s for the
respective temperatures of 25, 50, and 75 °C. These were
determined from a linear fit to the diffusion coefficient vs
PS concentration at each temperature rather than using
the individual measured value for PS concentration of 1.0
mg/mL at each temperature. The values of the exponent
u were between 0.8 and 1.2. A tangent at any particular
concentration could be found from the stretched expo-
nential fit. Theslopeat a particular concentration is—aucv.
This slope can be taken as an effective value of the
exponent » for asimple power law dependence. The values
of » determined in this way varied from 0.05 to 1.6 over
the entire concentration range studied.

Comparison to Reptation. The reptation theory may
be used to predict the dependence of the self-diffusion
coefficient of a flexible chain as a function of molecular
weight and concentration. The original theory of repta-
tion™ describes the motion of a flexible chain molecule
amidst a network of fixed obstacles. This has since been
extended to include systems where the obstacles, although
not fixed, remain stationary long enough to behave as fixed
obstacles. In the common case where the obstacles are
also flexible chains, de Gennes has shown using scaling
arguments that D « ¢-17 in a good solvent and D « ¢-30
in a 6 solvent.”® It is natural to expect that where the
entangling network consists of semirigid polymers any shift
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Figure 5. Translational diffusion coefficient of the polystyrene coil in the ternary solution as a function of temperature and the
concentration of PHIC. The curves represent stretched exponential fits to the data using a fixed value for Dy. a—c are for the broad,
big, and small fractions, respectively, in TCE. d is for the broad fraction in toluene. (O) Temperature = 25.0 °C. (+) Temperature

= 50.0 °C. (<) Temperature = 75.0 °C.

in concentration dependence should be toward more
negative exponents. This would stem from the more
extended nature of a semirigid polymer in comparison to
a flexible chain polymer, which should cause stronger
entanglement at lower concentration. Forsufficiently high
overlaps of polymer the overall nature of the chain should
become less important.

Comparison to the experimental results obtained here
for the PS in PHIC, however, shows that in no case does
the concentration dependence reach that predicted by de
Gennes’ version of reptation. These concentrations are
certainly high enough to ensure that the rods are in close
proximity to each other. Two possibilities exist to explain
the absence of reptation. One is the idea of an under-
constrained solution, but as described above in the
discussion of Stokes-Einstein results this is unlikely.

The second, and more likely, possibility is for the
relaxation of the network to be faster than the reptation
time of an individual chain. More simply stated, the
blocking rods will more away from the coil more quickly
than the coil can reptate. When this happens the coil can
move as a whole into the region vacated by these rods. It
is probably more accurate to consider this as a cooperative
motion of coil and network, so that the coil in essence
moves through the solution as a unit “pushing” the blocking
rods out of the way. The network will relax before the coil
can ever reptate a significant distance. This will allow
movement of the whole coil, which is a much more likely
mode of transport for a coil undergoing random motion.

Hydrodynamic Scaling Theory. Phillies’ hydrody-
namicscaling model predicts a stretched exponential form

(see eq 13) for the concentration dependence of D. This
functional form has been observed to agree with a number
of experimental studies. The hydrodynamicscaling model
also predicts values of « and u for given molecular weights
of matrix and probe. In the limit of low matrix molecular
weight (My < 50 000) u = 1.0, and at high M, (My >
500 000) u = 0.5. Inbetween these two valuesis a crossover
region where u is between 0.5 and 1.0. The experimental
data analyzed by Phillies indicates u ~ My~/4 in this
crossover region. Wheeler and Lodge see qualitative
agreement for polystyrene in a PVME background (140 000
My, PVME has u of 0.63-0.70). In this study the PHIC
molecular weights are in the 50 000-100 000 range and
the values of u measured range from 0.8 to 1.2. There is
alsoaslight tendency toward a decreasing u with increasing
matrix molecular weight, which agrees with the hydro-
dynamic scaling model.

The values of o measured here are of the same order of
magnitude as those predicted by Phillies. The temperature
dependence of these values is difficult to understand. The
small PHIC fraction gives results independent of tem-
perature. The results for the big fraction do not change
for 25 and 50 °C but show a decrease in « and an increase
in u for 75 °C. The broad fraction results are similar at
50 and 75 °C but change at 25 °C. It is possible that this
is due to the imprecision in the fitting process (at least
insofar as these differences appear to be discrete changes
instead of smooth dependences on temperature). That
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Figure 6. Reduced translational diffusion coefficient, D/Dy, of the polystyrene coil as a function of concentration of PHIC in the
ternary solution. a is for mass concentration. b is for a reduced concentration, CL3, where L is taken from Broersma’s equation. ¢
is for CL® where L is the contour length of a wormlike chain from Yamakawa and Fujii. d is for CL8 (or CL{R?)) where L is replaced
with the end-to-end distance of the wormlike chain. All of the plots are for T = 25.0 °C. (X) Broad PHIC fraction in TCE. (O) Big
PHIC fraction in TCE. (@) Small PHIC fraction in TCE. (<) Broad PHIC fraction in toluene.

these values change, however, seems to indicate an effect
which might not be predicted by hydrodynamic scaling.

The value of « depends on several parameters: Rg,,
Rgm®, ao, and Mp. Rg, is the radius of gyration of the
probe, and this is seen to be essentially constant with
temperature. M, and ao should not be affected by
temperature. Rgn, is the radius of gyration of the matrix.
These results would indicate a decrease in Rgm by up to
50% with increasing temperature for the big and broad
fractions. Rgm was not measured, but it is unlikely to
change significantly due to the extended nature of the
PHIC in solution. The solvent quality should increase at
least marginally with temperature. There would have to
be an enormous change in the persistence length, though,
in order to have an appreciable effect on the radius of
gyration. Areductioninthe persistencelength by afactor
of 2, which would be quite large, would only reduce the
radius of gyration by 10-20%. Thus, any change in «
caused by Rg . should be rather small.

Several difficulties must be mentioned in this discussion.
One problem is that the stretched exponential fits were
not always of high quality. In some instances the fits
appeared to have systematic deviations from the data.
Differences in the fit were observed if the value of Dy was
fit as a parameter instead of using the measured value of
Dy, which has also been seen by Wheeler and Lodge.2 They
bring up the further concern that the stretched exponential
is very sensitive to changes in a or u. Thus differences
between experimental works from several sources cannot
be reconciled by considering experimental error. They

conclude that this must be due to inadequacies in the
theory. The results here seem to lead to the same
conclusion—that in its present form the hydrodynamic
scaling theory does not provide an adequate description.

Comparison of Different Fractions vs Concentra-
tion/Temperature. Despite the lack of agreement with
established theoretical models, a comparison between the
different fractions may be made by examining the
dependence of the translational diffusion coefficient of
the polystyrene on the size of the polyisocyanate chain.
The toluene results can be included in the comparison by
using a reduced diffusion coefficient, D/Dy. The most
obvious method is to compare the diffusion coefficient to
the mass concentration of the PHIC. This is shown in
Figure 6a. The sharpest decline in D/Dj is seen for the
big fraction. The broad fraction also shows a stronger
concentration dependence in toluene than in tetrachlo-
roethane. This is expected if the PHIC is more rigid in
the toluene.

Several other ways may be used to observe the con-
centration dependence of the PS diffusion coefficient. If
an assumption of complete rigidity of the PHIC is made,
a length can be determined from either the Broersma or
T-G theories. The dependence on the reduced concen-
tration CL3 can then be examined. The results are shown
in Figure 6b for the Broersma rigid rod (they are
qualitatively the same T-G). Thetoluene and TCE results
disagree, because the rigid-rod assumption removes any
effect of increasing rigidity in the toluene. The big fraction
shows a weaker dependence on CL® than the other
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fractions. The length can also be taken as the contour
length of a wormlike chain. The results for this (Figure
6c¢) are quite similar to the rod results, again showing poor
agreement between the different fractions.

For a polydisperse dispersion, the dimensionless con-
centration, CL3, may, as was discussed in section 3, be
taken as Cyl,Ly/o. If the values of L, and L, arereplaced
with the end-to-end distances of a wormlike chain with
those contour lengths, then significantly better agreement
isseen (Figure 6d). The end-to-end distance of a wormlike
chain is given by

(R = 2PL - 2P¥1 - e1/F) (14)

where L is the contour length and P is the persistence
length.”® The toluene and TCE data agree, because the
change in persistence length is taken into account (P ~
40 nm in toluene, P ~ 20 nm in tetrachloroethane). This
explains the sharper concentration dependence seen in
toluene. The big and small fractions also show closer
agreement, because the greater flexibility of the big fraction
is accounted for.

A similar comparison may be made of the concentration
dependence of the translational diffusion coefficient at
different temperatures. The effect of temperature is not
seen to be very great. Obviously the absolute value of the
diffusion coefficient increases with increasing temperature.
The reduced diffusion coefficient shows only a weak
dependence on temperature. If one assumes complete
rigidity, then there should not be an effect due to
temperature. By the same method as above, the end-to-
end distance of a wormlike chain may be used to compare
datafrom different temperatures. The higher temperature
diffusion coefficients show a slightly weaker dependence
on concentration than the low temperature values. This
is consistent with a decreasing persistence length with
increasing temperature, which has been previously ob-
served.” The change seen here is small, however, and is
often difficult to separate from experimental error. The
dependences seen indicate that the persistence length may
decrease to ~15 nm at elevated temperature. The results
are shown for the different fractions in Figure 7.

5. Fast Relaxation in Ternary Solutions

A second feature of the DLS spectra in some of the
ternary solutions is a fast relaxational mode that is not
present either in the binary solutions or in the ternary
solutions with low PHIC concentrations. The appearance
of a second relaxational mode in addition to the PS
translational diffusion mode is of interest, since it may
signal the onset of qualitatively different dynamical
behavior and may therefore be an indication of the start
of “semidilute behavior”. The main reason for selecting
an isorefractive ternary system was to avoid scattering
from the matrix polymer, which can complicate the DLS
spectra. The selection of a 390 000 My, polystyrene was
in part to avoid a probe that was large enough to exhibit
internal chain motions in the DLS spectrum. The results
from the binary solutions of PHIC/TCE and PS/TCE
would suggest that unimodal behavior should be seen in
the DLS spectra of the ternary solutions. Fastrelaxations
in DLS spectra in ternary isorefractive systems have been
observed by a number of authors,?12-15.77-80 hut a complete
explanation of their origin is still lacking. The rates of the
fast relaxation were characterized as functions of matrix
size and concentration, scattering angle, and temperature.

Fast Relaxational Modes in Ternary Solution. The
fast relaxational mode varies in intensity from zero to 5%,
and this much smaller intensity than the PS translational
diffusion made precise measurements of the relaxation

Macromolecules, Vol. 27, No. 23, 1994

It P e S

8

:C
=
) o o
Q
(h4+
o
0.2
S S
10 20 30
concentration [mg/ml]
ko b,
:,OQQ
e
08 5
o 0.6t 2 °
= . o
Q |
I i
i !
0.4
) >
&
0.2 -
2 4 6 8 10
concentration [mg/mL]
8 c
i o
a
el
%
i a
08¢ o
=}
o a
2
& |
|
o.e;r ° 1
} o
| <o
041 a

5 10 15
concentration [mg/mL]
Figure 7. Reduced translational diffusion coefficient, D/D,, of
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times difficult. For the lowest concentrations of PHIC
the DLS spectra are unimodal, while at the highest
concentrations the spectra are clearly bimodal. Two
sample distributions determined with CONTIN are shown
in Figure 8. Figure 8a is from a binary PS solution, and
b is from a ternary solution with a fast relaxation mode.
The binary PS solution measurement was obtained at high
q. As discussed in I, the fast mode seen in this spectrum
is most likely an artifact. The error in both amplitude
and relaxation time is over 100%, and the translational
diffusion mode fit is unchanged if this fast mode is
suppressed. Ifthelimitsofintegration are expanded, then
this peak moves so that it is always at the edge of the range
which was selected. In contrast, the ternary solution is
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Figure 9. Relaxation constant, I, for the fast relaxation mode
as a function of g2 The sample was 1.0 mg/mL PS and 10.3
mg/mL broad PHIC in TCE at 25.0 °C. The slope of the linear
fit is a diffusion coefficient that characterizes the fast motion.

unaffected by expanding the limits of integration. The
fast peak shown for the ternary solution here is ~2% of
the total amplitude, and the fast peak in the binary sample
is only ~0.2%, although it may appear larger due to the
logarithmic scale.

The relaxation frequency of the fast motion, I', exhibits
a linear dependence on g2, which is characteristic of
diffusive motion. Apparent diffusion coefficients were
determined from the slope of the linear fit in the I' vs g2
plot (see Figure 9) and are shown in Table9. The apparent
diffusion coefficient for the last relaxation, Dy, is
approximately 10 times larger than the PS translational
diffusion coefficient, Dgow, in all of the ternary solutions
in TCE (Table 10). In toluene, Dy is approximately 4
times as large as Dgow (Table 11). The amplitude of the
fast motion increases with increasing PHIC concentration.
The amplitude also shows a small increase with increasing
scattering vector, gq.
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Table 9. Diffusion Coefficients [X107 (cm?/s)] for Fast
Relaxations in Ternary Solutions of PS/PHIC/TCE

conc (mg/mL) 25°C 50 °C 75°C
Broad
4.04 6.3£6.1
6.02 6.9+ 1.1
10.08 45+ 0.5 6419 112+ 4.7
19.98 29x04 58+1.2 141+1.7
29.96 2.2x£0.2 58+1.8 65+1.8
Big
0.70 58=x24 6.9 £ 5.5 20.4 £ 8.0
1.14 70+1.1 127+ 5.0 22.8 £ 10.0
141 6951 9.5+£0.2 16.9+ 4.3
2.00 79 1.5 114 +£5.1 150+ 5.2
3.46 54%0.8 81+1.2 204 +24
6.00 48+1.6 6.2+ 1.0 196 £6.2
10.20 2.7+ 0.4 2.3+0.2 79+1.8
Small
414 76%5.3 8283 7.7 £13.0
8.38 59+26 6.6 £1.4 123+ 2.3
9.98 6.9+ 2.3 104 £3.1 76£1.3
15.02 3.0£0.5

Table 10. Ratio of Diffusion Coefficients for PS/PHIC/
TCE Fast Relaxation/Slow Relaxation

conc (mg/mL) 25°C 50°C 75 °C
Broad

4.04 9.7+95

6.02 115+ 1.9
10.08 99x11 75+£23 83%x3.5
19.98 9612 88+1.8 138+ 1.6
29.96 103x1.1 156 £ 4.9 10.1 £ 2.7

Big
0.70 8.0£3.3 6.0+ 4.8 12.2 £ 4,8
1.14 102+ 1.6 114+ 45 13.3+5.8
141 106 £ 7.9 9.3+0.2 109 £ 2.8
2.00 133%25 11.4 £ 5.1 8.6+ 3.0
3.46 11015 102+ 1.5 13.2+ 1.6
6.00 109+ 3.6 8.5+14 169+ 54
10.20 11.8+ 1.8 6.8+0.5 129 % 3.0
Small

4.14 125+ 8.8 119+ 12.1 5.1+ 8.6
8.38 129 £ 5.7 81+18 94 %17
9.98 15.625.3 151+ 4.5 6.8x1.1

15.02 9216
Table 11. Polystyrene, MW = 390 K, in Ternary Solution:

Broad PHIC/Toluene
conc of PHIC Diow X 107 Diagt X 107

(mg/mL) (cm?/s) (cm¥s) Diow/ Diast

1.02 2.41 £ 0.09

1.81 2.18 £ 0.08

3.01 1.93 £ 0.04
3.97 1.77 £ 0.08 6.50 £ 4.30 3.67 £ 2.44
5.01 1.58 £ 0.09 10.77 £ 7.20 6.82 + 4.57
6.03 1.36 £ 0.10 570 £ 1.14 4,19 £ 0.89
7.02 1.38 £ 0.03 577 £ 1.31 418+ 0.95
9.02 1.17 £ 0.04 4.56 = 041 3.90 £ 0.37
10.20 0.92 £ 0.02 4.26 £ 1.07 464 £1.17
14.99 0.67 £ 0.03 2.11 £ 0.53 3.14 £0.80

Onset Concentration. Itiswidely accepted that there
is no critical concentration separating dilute from semi-
dilute solutions (i.e., in the sense of a phase transition).
Rather, there is a gradually larger entanglement effect
leading to a gradual crossover between the two regimes, 373
With increasing PHIC concentration the fast mode could
be detected with greater precision, because of its increasing
amplitude. The amplitude was small, however, at the
lowest concentrations where it was observed, which made
determination of an onset concentration difficult (in this
section discussion of concentration effects always refer to
PHIC concentration). It is probably the case that a fast
mode exists at concentrations somewhat lower than can
be detected in the DLS experiment.
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Figure 10. Amplitude of the fast relaxation as a function of concentration of PHIC in the ternary solution. Amplitude is given as
a percentage of the total correlation function. The amplitude is given for both high scattering vectors (00) and low scattering vectors
(m). The linear fits shown were used to extrapolate to zero amplitude to calculate an onset concentration for the fast mode. (---)
Fit for high scattering vectors. (—) Fit for low scattering vectors. (a) Broad fraction of PHIC in TCE. (b) Big fractkion of PHIC
in TCE. (c) Small fraction of PHIC in TCE. (d) Broad fraction of PHIC in toluene.

A fit of the amplitude of the fast mode vs concentration
was used to extrapolate to zero amplitude in order to
calculate an onset concentration for the fast mode, cga.
Due to the error in the individual measurements, the
amplitudes from several angles were combined as an
average, and the fit was done using the amplitude for either
ahigh or low scattering vector. Amplitudes for scattering
angles >90° were used for the high scattering angle results,
and amplitudes for angles <40° were used for the low
scattering angle results.

A linear fit of amplitude vs concentration does not give
meaningful results (the x-intercept, or onset concentration,
is negative for each fraction) whereas a linear fit of
amplitude vs log(concentration) provides more reasonable
results (shown in Figure 10). For low scattering vectors
the calculated onset concentrations, Cf,y, in TCE are 3.8,
0.50, and 2.6 mg/mL for the broad, big, and small fractions,
respectively. For high scattering vectors cgy is 3.1, 0.41,
and 0.1 mg/mL for the broad, big, and small fractions,
respectively. In toluene cg,y for the broad fraction is 2.3
mg/mL for low g and 0.8 mg/mL for high q. These results
show good agreement for the big and broad fractions in
TCE, indicating onset concentrations slightly lower than
the least concentrated solutions exhibiting bimodal DLS
spectra.

The results for the small and broad fraction in toluene
are not as clear. For both these fractions the high g onset
concentrations determined above are very low and several
samples with higher concentration were seen to be
unimodal. Inbothfractionsthe ~4 mg/ml. solutions show

a very weak fast mode and the ~3 mg/mL solutions are
unimodal. The onset concentrations of 2.6 and 2.3 mg/
mL for small and broad/toluene, respectively, could be an
indication that the amplitude of the fast relaxation is
nonzero but too small to measure in the 3 mg/mL solutions.
Since there is no critical concentration where a fast mode
suddenly appears, then there is probably a small concen-
tration range where a fast mode exists but is too weak to
detect.

The determination of a reduced onset concentration (in
terms of CL3) to compare to D-E theory is complicated
by two factors. First, it is clear from the discussion above
that a range of mass concentrations should be considered
(instead of a single exact value). The lower limit of this
range is taken as the onset concentration of the fast mode
calculated using low scattering vector data. The upper
limit is taken as the lowest concentration at which bimodal
behavior is experimentally observed.

The second complicating factor is the determination of
the size and shape of the PHIC. This has been discussed
in sections 2 and 3, where analysis of either the PHIC
diffusion in dilute solution or the PS diffusion in ternary
solution leads to the conclusion that PHIC is a wormlike
chain (i.e.,not arigidrod). Asinsection 3, when comparing
the PS translational diffusion through different fractions
of PHIC, there are several different ways to determine a
reduced concentration. The simplest way is to assume
the PHIC is perfectly rigid and use an apparent length
calculated from the diffusion coefficient found by DLS in
chloroform. All of the fractions show similar onset
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concentrations when analyzed this way, with CL2 ~ 5-10.
Another method is to use the contour length of the
wormlike chain as the length, L, which gives CL3 ~ 7-15
for the onset concentration. The range of onset concen-
tration of the fast mode for each fraction is large enough
that all of the fractions give consistent onset values
regardless of how L is selected. The broad fraction in
toluene appears to have a somewhat smaller onset
concentration than the broad fraction in TCE, but this
difference is inconclusive since it is smaller than the
experimental error.

Fast Mode Discussion. Several explanations for the
presence of a fast mode that do not rely on special
dynamical features are discussed below. These, however,
donot appear adequate to describe the observed dynamical
behavior, so additional explanations have been proposed
to provide a physical basis for the dynamic behavior.

The possibility of incomplete index matching is ef-
fectively ruled out by the temperature dependence of this
mode. At 75 °C the PHIC is completely index matched
in tetrachloroethane (within +£0.001 mL/g, the experi-
mental error). At 25 °C the value of the differential index
of refraction is at least 10 times larger (although still more
than 10 times smaller than for PS). The experimental
results indicate no significant difference in the amplitude
of the fast relaxation with changing temperature (shown
for a representative sample at 25, 50, and 75 °C in Figure
11). The temperature dependence was also measured in
toluene for one fraction with a PHIC concentration of
10.3mg/mL. Thefast mode amplitude is constant, despite
the difference in degree of index matching. Thus, as
expected, the amount of light scattered from the rods is
not sufficient to be observed in this experiment.

Another consideration is the slowest internal DLS mode
of polystyrene, which might possibly be observed at the
scattering vectors used for a 390 000 molecular weight chain
(see I). The fast mode observed here does not have a
nonzero intercept or a slope equal to the translational
diffusion coefficient of the coil (see Figure 9), both of which
are expected from the prediction for the first internal mode
of a Gaussian coil (relaxation frequency, " = ¢2D + 2/7)).
The increase in amplitude with increasing g is also much
weaker than that calculated for the first internal mode
(Figure 12) of either a free-draining flexible coil®! or a
nondraining or partly draining flexible coil.8283 In addi-
tion, the relaxation times measured are also larger than
predicted for the first internal mode.
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Figure 12, Amplitude of the fast relaxation as a function of
scattering vector. The amplitude is given as a percentage of the
total correlation function. The sample was a ternary solution
with 20.0 mg/mL broad PHIC in TCE at 25.0 °C. (@) The
experimental data. The results are compared to a theoretical
prediction for the first internal mode of a 330 000 MW polystyrene
coil (—).

The possibility of bimodal behavior in the correlation
spectrum from homogeneous mixtures of two flexible
polymers in a solvent where one of the polymers is
isorefractive has been raised by Benmouna et al.#¢ The
predictions of this theory have been observed experi-
mentally,”#80but in order to best see the bimodal behavior,
concentrations of the “visible” polymer were as high as
80% of thetotal polymer fraction. The generalidea behind
this theory is that the coupling of the concentration
fluctuations of the two different polymers contributes to
the light scattering, even though concentration fluctuations
in the isorefractive polymer with respect to itself do not
cause scattered light. This is in addition to the light
scattered by concentration fluctuations in the visible
polymer with respect to itself.

Discrepancies exist between the experimental measure-
ments here and the dependences on polymer concentration
predicted by the Benmouna theory. The major trend
predicted by Benmouna is an increase in himodal behavior
with an increase in the relative amount of nonisorefractive
(or visible) polymer. In this study the relative amount of
visible polymer decreases as the PHIC concentration
increases (because the PS concentration remains fixed).
The amount of bimodal behavior measured increases and
is a maximum for the smallest fraction of visible polymer.
A slight increase in bimodal behavior with an increase in
total polymer fraction is also predicted, but this is a much
weaker dependence than that from the decreasing polymer
fraction. Thus it is not enough to offset the decrease
associated with the smaller fraction of visible polymer
present when the total polymer concentration is high.

Obviously, the background polymer in this investigation,
PHIC, is not a flexible polymer, but one might expect
certain qualitative predictions to hold true. In the limit
of zero concentration of visible polymer, however, the
Benmouna theory predictions reduce to a single relaxation.
In this case it appears that the PS is present in dilute
enough amounts to expect the single exponential prediction
from the Benmouna theory.

Foley and Cohen? have developed a theory to describe
both concentration fluctuations and spinodal decomposi-
tion in systems with two polymers and a solvent. They
also predict bimodal behavior in the DLS spectra, but
their analysis only considers long time scales of

t » RGYD, (15)
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where Rg?and D, are the radii of gyration and seif-diffusion
coefficient for either species. Thisallows them todisregard
coupling of inter- and intramolecular dynamics; however,
the fast relaxations measured here occur at a time shorter
than the time ¢ above, so this theory cannot provide a
valid description of these fast motions.

Other Possibilities. Another possible explanation for
the presence of a fast mode is non-Fickian diffusion.!
This entails the probe undergoing fast diffusion over short
distances where it might not be fully affected by the matrix,
while the overall diffusion in solution is slower. At low ¢
the fast, short-range motions contribute weakly to the
decay. Both short- and long-range motion should be
observed as ¢ increases,!! which would agree with the
amplitude dependence on g observed here. The fast mode
relaxation rate exceeds the binary probe diffusivity,
however, and it seems unlikely that the local solution
structure could be such that the probe would undergo
short-range diffusion that was faster than seen in pure
solvent. This leads to the conclusion that non-Fickian
diffusion is unlikely to cause the fast mode.

Chu and Wu" have suggested that matrix coupling can
cause deviations from single exponential DLS spectra.
Presumably the PS will be affected by the motions of the
PHIC matrix. Ifthese are of different frequency than the
PS translational diffusion, then a second mode will be
observed in the DLS spectra. In dilute solution the PHIC
translates more quickly than PS does, so an additional
mode caused by this coupling would be expected to be a
fastmode. The presence of this mode should depend most
strongly on the total mass of the matrix polymer present,
since this will increase the number of interactions. Asthe
matrix size increases the fast relaxation would be expected
toslow, since the matrix motions (which cause the coupling)
would slow. The fast amplitude here is seen to depend
strongly on the matrix size when samples with equal mass
concentration are considered. Thus a simple coupling of
the PS chain to the motion of individual PHIC chains
does not seem to be occurring.

Another possible coupling to the matrix would be
between the PS and groups of the PHIC chains. At the
concentrations where the fast mode appears the PS is
surrounded by many matrix chains. If these matrix chains
remained fixed, then the PS would be severely constrained
and would almost certainly have to translate by reptation.
The translational diffusion coefficient results for the PS
chain show that reptation does not occur. It is possible,
however, that on a short time scale the PS chain is
constrained or “caged” by neighboring PHIC chains. The
idea of caging is well-known and has been used to predict
the rotational diffusion of rodlike polymers in semidilute
solution.17-19:3485

In the complex solutions studied here, the coil could be
hindered in its motion at some given instant and would
remain hindered for the time it took the surrounding rods
to diffuse a short distance, thus allowing the coil to freely
move, Therate of the fast relaxation would be dependent
onthe rate of the release mechanism, which would depend
on the rate of diffusion of the rods through some fraction
of their length. The amount of caging that lasts long
enough to hinder the PS coil translations should increase
as the matrix size and concentration increases. The
relaxation rate of the cages would also be expected to
increase with increasing matrix size and concentration.
The overall translational motion would not be strongly
affected, because the polystyrene would only be hindered
for very short times. These predictions are in general
agreement with the experimental results seen here.

Although it is not clear that this is the correct explana-
tion, it is certain (as has been mentioned elsewherell) that
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the presence of an additional mode in the DLS spectra
needs to be properly handled in the data analysis so as not
to bias the translational diffusion results. The presence
of a second relaxation in the DLS spectra does seem
indicative of semidilute behavior. Using this criterion, a
precise measure of the onset of the semidilute regime is
elusive because of the low precision in the data and the
likely gradual onset of the semidilute regime. Thus an
attempt to fix a precise number where entanglements
become important is probably futile. It can be seen,
however, that the fast relaxation appears for CL3 ~ 5-15
(if the PHIC length is determined assuming it to be a rigid
rod), and this onset concentration agrees with those found
from measuring rotational diffusion in rod systems.23:30,3¢

6. Conclusion

This work has attempted to provide further insight into
semidilute solutions of semirigid polymers. It was shown
that an isorefractive system could be designed where a
semirigid polymer was the matrix chain. Veryfew studies
of this type have been attempted. The probe particle was
a linear polystyrene, and to our knowledge this is the first
study to observe dynamics of such a semidilute mixture.

Perhaps the most important observation here is that
chain flexibility in the semirigid polymer must be con-
sidered. Poly(n-alkylisocyanates) have often been treated
as rigid rods for the purpose of theoretical simplicity, but
analysis of both the dilute and semidilute solutions of PHIC
(binary and ternary solutions, respectively) assuming rigid-
rod behavior was found to be inadequate. The different
fractions of PHIC had equivalent “entangling power” if a
reduced concentration of CL{R2) was used (where (R?)
was the end-to-end distance of the wormlike chain), which
was demonstrated through the dependence of the trans-
lational diffusion coefficient of the P8 probe on the PHIC
concentration,

The onset of semidilute behavior was inferred from the
occurrence of a fast mode in the DLS spectra (in addition
to the PS translational diffusion mode). This fast mode
had a low intensity at the onset concentration and grew
inintensity with increasing PHIC concentration, although
it was always a small amount of the total spectrum (~5%
or less). It was necessary to fit this mode, however, to
avoid biasing the translational diffusion results. A rough
approximation of the onset of the semidilute regime was
found to be CL® ~ 5-15.

A number of simple explanations were seen to be
inadeqguate to describe this fast mode behavior. Therefore,
it was necessary to consider special dynamical behavior,
which led to the inference that this mode signaled the
onset of semidilute behavior. The most likely explanation
is that some sort of coupled motion between the probe
and matrix causes the bimodal DLS spectra. An overall
description of the dynamics in the ternary solution that
emerges from these experiments is as follows, although it
should be stressed that this description is still tentative.
On a sufficiently long length and time scale the PS chains
move through solution pushing PHIC chains out of their
way. Although relatively small deviations from Stokes-
Einstein behavior are seen, the probe essentially moves as
if the PHIC/solvent mixture acted as a viscous solvent.
On a short length and time scale the motion of the PS
differs from how it would behave in a solvent of small
molecules, as it is affected by the local solution structure.
This short time behavior could be due to transient caging
of the PS chain by the PHIC matrix. Further studies of
systems of this type seem warranted to better understand
the non-single-exponential behavior of the DLS spectra,
since information about the detailed dynamic behavior of
the solution is most probably contained therein.
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