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ABSTRACT: A new rod/sphere composite liquid was synthesized, characterized, and studied by dynamic
light scattering (DLS). The liquid consists of coated silica spheres and poly(y-benzyl-a,L-glutamate) rods
(PBLGQG) in dimethylformamide (DMF). Diffusion constants for spheres of radius 60.4 nm and PBLG rods
of length 70 nm were measured by DLS in binary sphere/DMF and rod/DMF solutions as functions of
concentration. The diffusion in the binary solutions is compared to that in ternary sphere/rod/DMF solutions
atsimilarsphere and rod concentrations. These studies show that the diffusion of each species in the composite
liquid can be measured simultaneously. No evidence was found for aggregation in either the binary or the
ternary solutions. Changing the solvent to a mixture of DMF and pyridine allowed the spheres to be refractive
index matched to the solvent, greatly decreasing their light scattering intensity. The diffusion of the rods
in the composite liquid consisting of dilute spheres and rods of varying concentration was essentially the same
as that in the binary rod/DMF solution. The transition between dilute and semidilute rod behavior was found
to fall at 8.4 mg/mL or nL3 = 17, in the middle of the concentration range studied (2 < nL? < 60.4). This
value is similar to that found by Zero and Pecora for PBLG in dichloroethane. As the rod concentration
increases, the product of the sphere diffusion constant and the solution viscosity remains constant, indicating
that the sphere diffusion is consistent with the Stokes-Einstein equation. The dependences of the sphere
diffusion constant and the solution viscosity on the rod concentration are well fit by a stretched exponential:
D/Dg = no/n = exp (-0.16¢%%!), The ¢*8! dependence is comparable to that found from experiments using
flexible coils as the background polymer. Theoretical predictions for rods, however, give a ¢®5 dependence.
The similar concentration dependence for silica spheres found in rod and coil solutions suggests that polymer
flexibility alone does not account for the deviation from the theoretical ¢®% predictions. Instead, rod-rod

hydrodynamic interactions may play an important role in this deviation.

1. Introduction

There has in recent years been a growing interest in the
study of liquid dispersions consisting of particles, mac-
romolecules, and solvents, primarily because of their tech-
nological importance.! Examples of these so-called com-
posite liquids include ceramic precursors, lubricants,
paints, adhesives, and the cytoplasm in biological cells.
Due to the complexity of these liquids, experimental
studies of precisely defined systems are essential in
developing an understanding of the interactions between
all components in the liquid. A primary technique for
measuring the dynamics of complex systems is dynamic
light scattering (DLS). DLS is noninvasive and can, at
least in principle, measure the diffusion of both the particle
and macromolecular species in a complex liquid mixture
simultaneously. Unfortunately, it is quite difficult in
practice to prepare composite liquids that take full
advantage of the capabilities of DLS. In the most
important composite liquids, the particles are usually
spheres. In most systems studied to date the sphere
scattering dominates that of the macromolecule so that
macromolecule and sphere diffusion cannot be measured
simultaneously. Other complications (common to all
measurement techniques) include adsorption of the mac-
romolecule onto the sphere and aggregation. Despite these
limitations, DLS has, nonetheless, been used to study
aqueous solutions of polystyrene spheres and flexible or
semiflexible macromolecules?®!4 largely because these
solutions are relatively easy to prepare. Only the sphere
diffusion could be studied in most cases.

Recently, Zhou and Brown!5 and Rymdén and Brown!6
were able to overcome the above-mentioned obstacles.
They prepared silica sphere/polyisobutylene and silica
sphere/poly(methyl methacrylate) coil solutions and mea-
sured the diffusion constants of the sphere and the coil
simultaneously using DLS. Still, however, a precisely
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defined sphere/rigid rod polymer composite liquid has not,
until now, been prepared and systematically studied. Rigid
or semirigid rodlike macromolecules are important con-
stituents of composite liquids. They are, forinstance, often
used as viscosity enhancers. In this article we discuss the
preparation, characterization, and dynamics of a new
model composite liquid consisting of silica spheres and
poly(y-benzyl-a,L-glutamate) (PBLG) rigid rods in di-
methylformamide (DMF).

There are five main goals of thisstudy: (1) thesynthesis
of arod/sphereliquid free from adsorption and aggregation
complications, (2) the simultaneous measurement of the
diffusion constants of the rods and the spheres at a variety
of concentrations of both species, (3) the ability to vary
the scattering power of the strongly scattering spheres so
the diffusion of both species can be measured at higher
sphere concentrations, (4) the comparison of the diffusion
behavior of both rods and spheres in the ternary system
to binary rod/solvent and sphere/solvent solutions, and
(5) the comparison of sphere diffusion through rods to
data on sphere diffusion through other kinds of polymers
in other solvent environments. Is sphere diffusion a
Stokes—-Einstein process which depends only on the
viscosity of the solvent and the sphere radius? Are the
measured diffusion constants consistent with the theo-
retical scaling laws that predict the diffusion constant’s
dependence on rod concentration?

II. Synthesis

The first objective of the rod/sphere liquid synthesis was to
prepare a simple system that could be used to study the dynamics
at a wide variety of rod and sphere concentrations. The silica/
PBLG/DMTF system meets this objective. Bothsilicaand PBLG
are dispersible as singlets in DMF. This is also one of the few
solventsin which PBLG isrodlike. Others are pyridine, m-cresol,
and 1,2-dichloroethane. The spheres can be synthesized to any
size from a few tens of nanometers to almost 1 um in diameter.
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The rods also can be obtained in a variety of molecular weights.
Thus, the spheres and rods are capable of being sized so their
diffusion constants are resolvable using DLS over wide concen-
tration ranges. Inaddition, an optical refractive index matching
procedure was developed using a pyridine/DMF mixed solvent
that enables the dynamics of both the rods and spheres to be
measured even at moderate sphere concentrations (concentrations
at which in DMF alone the sphere scattering dominates).

Sphere Preparation. The spheres were synthesized by the
method of Stéber et al.718 The reaction was performed in
absolute ethanol (EtOH) that was dehydrated by adding 5 g of
magnesium turnings and 5 mL of CCly before refluxing and
distilling. Thetetraethylorthosilicate (TEOS) (Aldrich Chemical
Co., electronic grade) was vacuum distilled before use. Ammo-
nium hydroxzide (J. T. Baker and Co., 30% ) was used as received.
Titrations indicated an ammonia concentration of 14.6 M.
Distilled, deionized water was also used. Seed particles of
hydrodynamic radius 40.5 nm, determined by DLS, were grown
from a solution of 0.18 M TEOS, 0.80 M NHj;, and 1.99 M H;0
at 40 °C. These particles were grown to a final radius of 60.2 &
0.8 nm using the seeded growth procedure of Bogush et al.? This
procedure was used to increase the solids content of the sol from
1.0% to 4.7%. Four 20-mL doses of TEOS were required to
reach the final size. The water content of the sol was carefully
calculated before each TEOS dose. A minimal amount of water
was added as necessary to insure that there was just enough
present to react completely with the TEOS.

Coating Procedure. The spheres were then coated with the
silane coupling agent 3-(trimethoxysilyl)propyl methacrylate
(TPM) (H,C=C(CH;)COO(CH,);Si(OCH3)3). Once coated the
spheres were dispersible in a variety of polar organic solvents in
which PBLG is rodlike and nonaggregating. These solvents
include DMF, pyridine, m-cresol, and 1,2-dichloroethane.®

The coating procedure was based on that of Philipse and Vrij.?!
First, the water content of the sol was measured by a Karl-
Fischer titration. The water content of the final sol was 2.8%,
well below the azeotropic H:O/EtOH composition of 4% H,0.
This step is critical because water must be removed from the
solution in order to promote the condensation of TPM to the
silicasurface. Ifthe water compositionisabove 4%, the sol must
be totally dried before condensation can begin. But if the water
content is below 4%, then only a simple distillation is needed to
remove the water. The distillation avoids heating silica in the
dry state, which often causes irreversible aggregation. So if it
turned out that the water content was above 4%, absolute eth-
anol was added to reduce it below this value. In addition, the
exposure of the sol to air was minimized as a further precaution
against unneeded water entering the system. The sol was stored
in an Aldrich Atmosbag containing desiccant and purged
periodically with argon.

The amount of TPM added to the sol was estimated from the
number of particles per unit volume of alcosol, the surface area
per particle, and data of Philipse and Vrij.22 The number of
particles was determined in the initial growth stage. Further
seeded growth steps merely increased the size of the particles
but did not cause additional particle nucleation.’® The number
of particles per unit volume of sol (V)

N, =¢/(p,*V)) )

was calculated from the total amount of SiO; (c;i(g/L)) in the
alcosol after the initial growth stage, the density of the particles
(pp), and the volume of one spherical particle (Vy,), where V;, =
4/.awR3. The particle radius R was equated to the hydrodynamic
radius and was determined by DLS on a diluted sample of the
sol taken after the first growth step.

The amount of TPM to add should be proportional to the
surface area per particle (47R?) after the final growth step. Thus,
if pp does not change, the amount of TPM to add to adequately
coat the spheres under conditions 2 may be estimated in terms
of that found to be successful under conditions 1 by

[TPM), _ [TEOS]“(J_‘@Y(&I)?
[TPM], [TEOSI,\R;/) \Ry

where i refers to the concentrations and particle radii after the

2)
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initial growth step, and f refers to the particle radius after the
final growth step.

Conditions 1 were determined by Philipse and Vrij: [TPM];
= 0.117 M, [TEOS];; = 0.265 M, Ry; = 51.3 nm, R;; = 74.0 nm.
For the sol discussed here, Ry; = 40.5 nm, Ry = 60.4 nm, [TEOS]y
=0.179 M, so that [TPM); = 0.107 M. Estimates from eq 2 were
used to successfully coat silica spheres varying in radius from 40
to 160 nm. Tests indicated that even adding 50% less TPM
than the formula’s estimate was enough to coat the spheres so
that they were dispersible as singlets in DMF. Further studies
are required to determine the precision of this formula’s
predictions. It should be noted that no other such predictions
have been found in the limited literature on coating particles
with silane coupling agents.22

After adding the TPM to the alcosol, the mixture was stirred
for 50 min at ambient temperature (23.5 °C) in astoppered round-
bottom flagk. This hydrolyzed the methoxy groups on the TPM.
The reaction mixture was heated slowly to the boiling point with
magnetic stirring. Then, 136 mL of solution was distilled off
under anhydrous conditions. Thistook4h. The maximum tem-
perature of the glycerol heating bath was 94 °C. Enhanced
stability in ethanol/toluene mixtures confirmed the presence of
TPM on the silica particles. The sol contained 6.1% silica. The
alcosol was further concentrated by vacuum distillation. A 106-
mL portion of distillate was collected. The coated particle radius
in ethanol was measured tobe 61.9 nm by dynamic light scattering.
The DLS results showed no evidence of aggregates. Since the
bare spheres have a radius of 60.2 nm, the coating is about 1.7
nm thick in ethanol solvent.

Solvent Replacement. The ethanol was then replaced by
dimethylformamide (DMF) (Aldrich, HPLC Grade) because
PBLG is rodlike and nonassociating in DMF. This was done by
adding DMF as received to the alcosol and distilling off the eth-
anolunder reduced pressure. These twosolvents were completely
miscible at the compositions used and did not form an azeotrope.
Enough DMF was added to give a 70% DMF sol. The temper-
ature of the bath was kept cooler than 60 °C to minimize particle
clustering on the hot flask surface. The pressure was reduced
to 100 kPa of vacuum. The sol was distilled for 5 h, long enough
to insure that the distillate volume was much greater than the
original volume of the sol before adding DMF (334 mL). After
the distillation was stopped, the sol was placed in a brown glass
bottle. The outside of the bottle was covered with aluminum foil
to minimize exposure of the coating to UV light, which may cause
it to polymerize.?! A few residual flocs remained at the bottom
of the distillation flask, but DLS experiments showed the sol was
free of any aggregates. A 4.0-mL sample of the sol was placed
in a glass centrifuge tube opened to the air at 20 °C and centrifuged
for 24 h at a relative centrifugal force (=wr2/g) of 1247 along with
a tube of pure DMF. The index of refraction of the sol
supernatant as measured by an Abbe refractometer differed from
that of the pure DMF by less than 0.1%. Thus, the supernatant
was almost pure DMF. The density of the sol was 0.97 £ 0.01
g/mL. The silica content of the sol was determined by drying
a few milliliters of the sol for 3 days at 80 °C, including 4 h under
100 kPa of vacuum. The mass percent of silica in the sol was 5.54
+ 0.06%. The coated particle radius in DMF was found to be
60.4 £ 0.4 nm from DLS experiments. A 0.019% silica/DMF
solution was used in this experiment.

Rod Characterization. The PBLG (-(COCH(CH,);COOCH,-
Ce¢HsHN),-) was purchased from Sigma Chemical Co. (Lot
#28F50171) and used asreceived. The weight average molecular
weight, M, was determined to be 102 000 £ 2000 g/mol in DMF
by total intensity light scattering (see below). A viscosity average
molecular weight of 125 000 g/mol and a weight average value of
105 600 were reported by Sigma. The radius of gyration, r;, also
determined by total intensity light scattering as described below,
was 19 £ 3 nm.

The total intensity apparatus used was constructed in our
laboratory (Figure 1). Incident 488-nm laserlight from a Spectra-
Physics Series 2000 Ar* laser was focused into a 1.0-cm path
length Spectrocell light scattering cuvette. Toreducestray light
and regulate the sample temperature, the cell was placed in a
Brookhaven Instruments Co. BI-TCA index-matching bath with
temperature control identical to the one used in the DLS
experiments. The scattered light was collected at four angles.
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Figure 1. Schematic of the total intensity light scattering
apparatus. The DCCS is the data collection and control system
(see the text), PMT is the photomultiplier tube, and HV the
high-voltage source for the PMT. The apparatus is mounted on
an optical table.

At each angle a lens focused the light into a fiber optic cable
connected to an EMI 9205-RF photomultiplier tube (PMT)
mounted in a refrigerated enclosure. There was a timer-driven
shutter between the lens and the cable to insure that all channels
received scattered light for the same amount of time. One channel
(channel 8) was used to monitor the beam stability. Theshutters
were controlled by a specially built data collection and control
system (DCCS). The DCCS also counted the incoming digitized
pulses from the photomultiplier tube and the amplifier—
discriminator. The data was stored in a computer for further
analysis.

The intensity of the scattered light was measured at scattering
angles 8 of 39.01°, 58.90°, 74.97°, and 97.45°. Before measure-
ment, the samples were centrifuged for 2 h. The total intensity,
Isample; Was calculated relative to the intensity of toluene, which
was determined after that for each polymer sample. The
intensities were related to the Rayleigh ratio by

Rﬂ/ Roto] = isample/ iwluene (3)

For toluene, Ry = 3.96 X 1075 cm™ at 488 nm and 25 °C.2® If an
intensity value deviated by more than 10 standard deviations
from the mean, the point was rejected. The dust-corrected results
differed from the uncorrected results by at most 2%. A Zimm
plot was made from dust-corrected data and interpeted using eq
4 for linearly polarized incident light:2

2 2
(%‘:) . = %( 1+ 127;0? rg2 gin’ (g)) (4a)

where the optical constant is given terms of the solution refractive
index, n, the wavelength of light, Ao, and Avogadro’s number, N,,
by

2,2 d
= \alae)

Composite Liquid Preparation. The PBLG was dried at 35
°C for 2 h under vacuum before it was further used. The proper
amount of PBLG was then added to a weighed, dry volumetric
flask. It is important that the volumetric flask be dry because
the PBLG/DMF system undergoes phase separation in the
presence of water.?* The flask with PBLG was weighed again to
determine the amount of PBLG present. Most of the solvent
was then added and the solution was shaken and hand-warmed
until the polymer was fully dissolved. The required amount of

(4b)
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Figure 2. Schematic of the dynamic light scattering apparatus.

the silica sol was added and then the solution was diluted to the
mark with pure solvent if necessary. Each composite liquid was
allowed to equilibrate at least 1 day before being filtered into
Spectrocell quartz light scattering cuvettes. Up to 1 week was
allowed for the most concentrated polymer solutions to equil-
ibrate.

III. DLS Measurements

The following procedure was used to filter the composite
liquid and polymer solutions into the 1.0-cm quartz light
scattering cuvettes. The cuvettes were made dust-free by
first filtering deionized, distilled water into the cell
overnight using a Sage Instruments Model 375A peristaltic
pump. A Millipore Millex-GS 0.22-um filter was used.
Then about 20-30 mL of absolute ethanol followed by the
same amount of solvent was filtered into the cell using a
50-mL glass syringe and a 0.2-um Millipore Fluoropore
FG filter. The cells were placed in the laser beam and
checked for dust using a X5 microscope. Beforethesample
was added, a 0.5-um Millipore Fluoropore FH filter was
dipped in absolute ethanol to wet its surface. About 10
mL of pure DMF were passed through the new filter to
remove any remaining residues. Then a clean and dry
5-mL glass syringe was filled with the sample. Finally,
the sample was filtered into the clean, dust-free cuvette.
The cuvette was rinsed with a few tenths of a milliliter of
sample before adding the final amount to the cuvette.
After the final amount of sample was added, the cuvette
was quickly sealed and stored in a desiccator. Again at
least 1 day was allowed for equilibration. All leftover
solutions were stored in the Aldrich Atmosbag containing
desiccant.

The DLS apparatus used (Figure 2) was assembled on
two Newport Research Co. optical rails. The first was
mounted along the edge of a hemispherical steel plate
with holes drilled at 5° intervals around its circumference.
The other rail was anchored to the first by a brass pin at
the pivot point. This rail was free to move 130° about the
pivot point. The 488-nm line of a 5-W Spectra-Physics
Model 165 Ar* laser served as the light source for all the
experiments. The beam was guided down the center of
the fixed optics rail by a coated mirror. A 200 mm focal
length lens and an iris were used to focus the beam into
the scattering cell. To minimize stray light and regulate
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Table I
Sample Concentrations

A. Rod/DMF Solutions

rod concn, nlL3
mg/mL t(onm  f,nm f,nm  f,nm  (n=cNJ/M)

11 55.4 145 11.2 9.86 2.0

3.2 37.6 50.2 9.93 6.4

5.0 324 32.0 6.86 10.1 10.1
7.54 28.2 21.2 10.1 15.2
10.0 25.7 16.0 7.61 9.78 20.2
15.0 22.4 10.6 9.16 30.4
20.9 20.1 7.64 3.40 8.34 42.3
30.2 17.8 5.28 7.82 61.1

B. Rod/Sphere/DMF Solutions

sphere concn

rod concn,
mg/mL mg/mL mass % N, R34 (X10%)

1.0 0.0472 0.005 0.70
3.2 0.0944 0.010 1.4
5.0 0.0472 0.005 0.70

10.0 0.0472 0.005 0.70

15.1 0.142 0.015 2.1

20.9 0.0944 0.010 1.4

29.9 0.283 0.030 4.2

@ Ny, is the sphere number concentration (eq 1).

the sample temperature, the cell was centered in a
Brookhaven Instruments Co. BI-TCA index-matching
bath with temperature control. The index fluid used was
a hydrocarbon mixture (#4550) produced by R.P. Cargille
Laboratories. It has an index of refraction of 1.452 at
589.3 nm and 1.4575 at 488 nm and 25 °C. The fluid was
filtered for 1 or 2 min before each sample was inserted.
Temperature-controlled water was pumped through a
copper coil around the bath by a Lauda K-2/R circulating
bath. The temperature was controlled to +0.1 °C.

The analyzing optics were all mounted on the pivoting
opticsrail. The scattered light first passed through a 500-
pm pinhole and was focused by a 100 mm focal length lens
ontoa 200-um pinhole. This was followed by a microscope
with a beam splitter that both focused the scattered light
onto the PMT cathode and diverted some of the light into
an eyepiece so the scattering volume could be observed.
The PMT was a Thorn EMI 9893A/350 selected for low
afterpulsing and dark count. The dark count was 10 cps
at 1965 V. The tube signal was amplified by an EG&G
Ortec Model 9301 fast preamplifier located just after the
PMT. The output then went to an EG&G Ortec 9302
amplifier-discriminator followed by an EG&G Ortec 994
counter—-timer. TTL pulses were sent to a Brookhaven
Instruments Model 2030AT 136 data + 6 delay channel
correlator. The correlation function was displayed on a
monitor and stored in an IBM PC AT. The data were
sent to a Digital Equipment Co. Vaxstation 3200 computer
for analysis.

The composite liquid solution concentrations studied
are shown in Table I. Binary solution dynamics were also
measured. Sphere diffusion in DMF was measured atsilica
concentrations from 0.094 to 4.7 mg/mL (0.01-0.50 mass
%). PBLG diffusion in DMF was measured at rod
concentrations from 1.0 to 30.2 mg/mL (0.10-3.2 mass %).
DLS data were taken at a minimum of three of the following
angles: 25.45° or 30.56°, 59.44°, 90°, and 110.35° or
120.56°. All experiments were done at 25 °C. The laser
power varied between 20 and 800 mW. Data were collected
for between 3 min and 3 h, depending on sample
concentrations and measurement angle.

Solution viscosities were measured in an Ostwald
capillary viscometer in a water bath at 25.0 £ 0.1 °C. The
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Figure 3. Variation in scattered light intensity measured at 90°
in counts per second as a 0.005% silica/pyridine solution was
added to a 0.005% silica/DMF solution. The minimum is at
31.8% pyridine.

viscosities of the composite liquid samples after filtering
were on average 3% lower than the viscosities of the un-
filtered samples. Thus, there was probably some polymer
loss upon filtration but not enough to affect the results.
Ultraviolet analysis for PBLG in DMF is not possible
because their signature peaks overlap. Since the light
scattering samples were filtered, the viscosities of the
filtered solutions were taken as the correct ones.

Samples sealed in light scattering cuvettes were stable
foratleast 1 year. Sincethere wasevidence of evaporation
over such extended periods of time, it is best to perform
measurements within 1-2 weeks after samples are pre-
pared.

Refractive Index Matching Point Determination.
Pyridine was chosen to be used along with DMF in the
sphere-matching study. It was selected over the other
possibilities like m-cresol and dichloroethane because, in
addition to having a quite different index of refraction
from DMF, it is completely miscible in DMF and its
viscosity, density, and other relevant solvent properties
are similar.

To find the pyridine/DMF matching composition for
dilute solutions of silica spheres, two solutions of constant
sphere composition were made. The first contained
0.005% silica and DMF. The second consisted of 0.005 %
silica, 0.008% DMF (from the silica/DMF sol), and py-
ridine. First, 1.00 mL of DMF/silica was added to a clean
dust-free light-scattering cuvette. Then the unfiltered py-
ridine/silica solution was added in 10 0.1-mL increments
followed by 2 increments greater than 0.1 mL. Thesphere
composition was kept constant at all times because the
silica concentration in both solutions was the same. After
each addition, the cell was lightly shaken and placed in
the DLS apparatus. The absolute intensity in counts/
second was measured for the sample at 90°. Thirty or
more values of the intensity were recorded and averaged
to obtain an average scattered intensity of the spheres at
each solvent composition from 100% DMF to 60% py-
ridine. The average scattered intensity reached a mini-
mum at 31.8% pyridine (Figure 3). At this point the
scattered intensity was nearly equal to the background
intensity without the sample. Later DLS experiments on
clean samples verified that this was indeed the matching
composition.

Data Analysis. The autocorrelation function C(r) that
is measured in the DLS experiments is proportional to
the homodyne autocorrelation function I5(7). If the Gauss-
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ian approximation holds, this correlation function reduces
to2s

C(r) = BI1 + AL,/ O (5)

where|I1(7)2/|I1(0)]2 = g:%(7) is the square of the normalized
scattered electric field autocorrelation function, and B is
the baseline. The baseline can either be calculated from
the total number of counts that arrive during the duration
of an experiment or obtained from the measured corre-
lation function at long correlation times 7.2 A isaconstant
that depends on the scattering geometry and is determined
byafittothedata. Sample correlation functions areshown
in Figure 4.

By fitting C(r) to model predictions for g;(7), diffusion
constants are determined. For simple systems of small,
monodisperse particles undergoing Brownian diffusion,
g1(7) is modeled as a single exponential decay.

&(r) = exp (-7/7g) 6)

where g = 1/¢2D = 1/T is the decay time of the particle.
D is its diffusion constant and q is the magnitude of the
scattering vector length given by g = (4d7n/\o) sin (6/2).

For dilute dispersions of noninteracting spheres, the
diffusion coefficient isrelated to the sphere hydrodynamic
radius Ry, by the Stokes—Einstein relation:

D =EkT/6nqR, )]

where k is the Boltzmann constant, T is the absolute tem-
perature, and 7 is the solution viscosity.

For dilute, long, thin, rigid rods, Broersma gives the
following for L/d > 5:27-29

D = (kT/37noL)[6 - (1/2)(y; + v )] 8
where

5=In(2L/d) v =1.27-"7.4(1/5-0.34)"
v, =0.19 - 4.2(1/5 - 0.39)

and 7o is the solvent viscosity. For shorter rods, Tirado
and Garcia de la Torre give the following for 2 < L/d <
30:80

D = (kT/3mneL)[Inp + v] 9
where

p=L/d and »=0.312+ 0.565p™ - 0.100p™?

For multicomponent or polydisperse systems, g1(7) can
be modeled as a weighted sum of exponential decays.

g0 = ["G(U/rp) exp (r/mR) d(U/rp)  (10)

Two methods of analysis were used in this study to
determine the distribution of decay times G(1/7r) leading
to the correlation function decay. These are the method
of cumulants® and the FORTRAN program coNTIN.3233 The
method of cumulants is the simplest of the two. A weighted
average diffusion constant can be calculated from the first
cumulant (K;) and a measure of the broadness of the
distribution or polydispersity can be determined from the
second cumulant (Kj) if normalized by K;2. This method
is most useful for distributions that are not too broad. In
this study, the method of cumulants was as good as any
in analyzing the binary rod/DMF and sphere/DMF data,
but it was not effective in handling the composite liquid
data. Data was fit up to the second cumulant.

CONTIN is capable of analyzing more complex data than
the method of cumulants because it calculates the whole
distribution of decay times and not merely the overall
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Figure4. Sample correlation functions measured at 90°: Dashed
curve, 0.01% spheres in DMF; solid curve, 0.5% rods in DMF;
dotted (Q) curve, 0.0056%/0.56% sphere/rod mixture in DMF.

average and width of the distribution. The program
obtains G(1/7g) by performing an inverse Laplace trans-
form on eq 10. This is however an ill-posed problem
because there are an infinite number of solutions that fit
the data within its precision. The program overcomes
this problem by a constrained regularization (smoothing)
method in which the program uses statistical criteria to
determine the simplest distribution (fewest number of
peaks) consistent with the data. Asaresult conTIN, unlike
most other methods like piscreTE, does not require the
number of exponentials or peaks of the distribution to be
input in advance. Because conTIN seeks the smoothest
solution, it is a conservative method that will ordinarily
not overestimate the number of relaxation processes
occurring in the system. All data here were analyzed by
version 2 of CONTIN over any range (window) of decay times
deemed appropriate by the user.

Using conTIN when there is one dominant relazation
process is straightforward. The program is also good at
handling multimodal systems, but more data sets are
usually required to obtain the degree of precision in the
values of the diffusion constants found for monomodal
distributions. For example, between 10 and 44 data sets
were analyzed for each composite liquid sample. The
diffusion constants of the rods and the spheres were
determined to a standard deviation of 4-6%. However,
only 9-17 data sets were analyzed for the rod/DMF
solutions and a precision of 1-2% was obtained in the rod
diffusion constant. The results were similar for sphere/
DMF solutions.

Because of the bimodal nature of the decay time
distribution, taking data for each composite liquid sample
and analyzing it was more complicated and time consuming
than for the binary solutions. As already mentioned, more
data sets were taken. The main reason for this was that
the proper sample times were more difficult to pinpoint.
Asaresult, for each solution the sample time at each angle
was varied by between a factor of 2-3. The minimum
sample times were chosen such that the difference between
the measured and calculated baselines was always less
than 0.5%. At the shorter sample times, the fast decay
(rod) was better resolved than at the longer sample times.
In fact, for the solutions with the highest polymer
concentrations, the fast process decayed to 37% of its
maximum in as few as 10 channels at the longest sample
times. Consequently, conTIN could resolve it only as a
very broad peak often reaching the fast decay time edge
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Figure 5. Zimm plot for PBLG in DMF: @, experimental data;
0 extrapolations to § = 0 and ¢ = 0.

of the window. Fortunately, the slow (sphere) peak
position did not vary over the range of sample times used
8o most of the data were taken at sample times where the
fast peak could be well resolved.

After analyzing the data with conTin, the diffusion
constants corresponding to each peak were averaged with
other data taken for the same sample at the same angle.
Then, I' vs g2 plots were used to determine if the diffusion
process was angularly independent. If it was, the average
diffusion constant was determined from the slope of the
linear plots. Several criteria were established for neglecting
data. If a diffusion constant was quite different from the
average, Chauvenet’s criterion was used to determine if it
should be neglected. Chauvenet’s criterion provides a
statistical basis for rejecting improbable data. It states
that if the expected number of measurements at least as
bad as the suspected measurement is less than 0.5, then
the suspect measurement should be rejected.? Also, data
were not used if the mean peak(s) followed the end of the
decay time window as it was varied. Finally, a few sets
were eliminated because they exhibited a different number
of peaks from the bulk of the data. In most of these sets,
it was clear conTIN was having an unusual degree of
difficulty fitting the fast peak and, as a result, split it into
two peaks. The diffusion constants in many of these sets
also failed Chauvenet’s criterion. In any event, for any
given sample no more than 10% of the data were rejected.
The key to understanding how contiN handles multimo-
dal correlation functions is to take a large number of data
sets at several angles.

IV. Binary System Results

Rod/Solvent Studies. Total Intensity Light Scat-
tering. The total intensity light scattering results for
PBLG are shown in the Zimm plot (Figure 5). The
differential index of refraction was taken to be 0.118 +
0.002 mL/g at 488 nm.% The weight average molecular
weight is 102 000 = 2000 g/mol. The thermodynamic
second virial coefficient A; extracted from the datais (3.9
%+ 0.1) X 10~* cm®mol/g? and the radius of gyration (r,) is
19 = 3 nm. The errors were determined from the
uncertainty in the least-squares fit of the data extrapolated
to 8 = 0° and ¢ = 0, respectively. The error in r; is large
because the rod is small, so the slope of the ¢ = 0 line in
the Zimm plot is small. If the PBLG is a rod, the radius
of gyration predicts a rod length of 67 £ 10 nm. This
compares well to the length of 70 &+ 1 nm calculated from
the molecular weight, the length per monomer of 0.15 nm,36
and the molecular weight of the monomer (219 g/mol).
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This agreement indicates that PBLG of this molecular
weight is quite stiff in DMF. There was no evidence for
aggregation in the total intensity light scattering exper-
iments.

The geometric (as contrasted with the hydrodynamic)
diameter of the rods was calculated from the second virial
coefficient using the theories for A, for hard rods of Zimm,
Onsager, and Schulz (ZOS) (eq 11), and Ishihara (eq 12),%

A, = «N dL*/4M* (11)

A, = (4N /MOf, f=
1,1+ (L/d)(1 + d/2L)(1 + =d/2L)] (12)

where, for cylinders, vy, = md2L/4. Thus, if L » d, eq 12
reduces to eq 11.

A geometric diameter of 1.75 nm was calculated using
eq 11 and the measured value of A;. A diameter of 1.63
nm was found using eq 12. Equation 12 allows for smaller
axial ratios than does eq 11. These values compare well
to the value of 1.6 nm given by Russo et al.2438 (see Table
ID).

Dynamic Light Scattering. An example of the con-
1IN DLS results from a binary PBLG/DMF solution is
shown in the middle plot in Figure 7. The conTIN data is
presented as a plot of G(Rn) vs Ry, where Ry is the
“hydrodynamic radius” of the scattering species and is
directly proportional to rg (eq 7) and inversely proportional
toT'. Ry was calculated from D using the Stokes-Einstein
relation. The solvent viscosity was used in all cases to
provide a standard for the comparison of all peaks. R, is
the actual radius only for spheres in pure solvent but
provides a useful parameter for comparing peaks for all
kinds of macromolecules. G(R},) is the distribution func-
tion representing the fraction of the scattered light from
particles of “size” Ry,

Usually two peaks were seen in the conTIN outputs. The
dominant peak’s frequency (I') scaled as g2, so it was
attributed to translation of the rods. The other appeared
anywhere from 0.3 to 3 nm in R}y, and never represented
more than a couple percent of the total light scattered. Its
position was too variable to say if it was angularly and/or
concentration dependent. It did, however, appear at all
concentrations and angles studied. It is likely this mode
is due to translation-rotation coupling. For very long,
thin rods in the dilute or semidilute regimes, a large an-
isotropy in the translational diffusion of the rod causes
the otherwise independent translational and rotational
motions of the rods to become coupled.?® Theories taking
this coupling into account predict a decay time (Rh)
distribution consisting of two peaks instead of the usual
one due to the translation of rods, This second peak had
a smaller decay time than the first. For rods of length 70
nm, an apparent hydrodynamic radius of about 1 nm was
estimated for this peak using the formulas given by Zero
and Pecora,3® well within the region where the peak was
found experimentally. A weak third peak at a higher Ry,
than the translational diffusion mode was observed in 30%
of the data at the highest concentration (30.2 mg/mL).
This peak represented a maximum of 6% of the total
scattered light intensity. Its position varied by up to a
factor of 10 as the large Ry conTin window was widened
also by a factor of 10, Because of its erratic behavior and
low intensity, it is unlikely due to aggregation and is most
probably due to dust. The variable behavior of this weak
mode precluded comparisons to the slow modes observed
in other rodlike systems,10:2440-43
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Table II
PBLG in DMF
molecular Az (X109, hydrodynamic geometric
ref weight, g/mol cm3 mol g2 kp, cm3/g diameter, nm diameter, nm
this work 102 000 3.9 See Table III 2.08 1.75¢
1.83%
Russo et al.2¢ 179 000 3.1
300 000 3.1 11 2.0 1.6
Kubota and Chu# 268 000 6.9 2.2
Kubota et al.4 299 000 3.1 17 1.4ab
372 000 3.3 18 1.50b
Schmidt5 560 000 33.5
DeLong and Russo®® 149 000 ave: 3.9
179 000 1.6
277 000
¢ Calculated from eq 11. ¢ Calculated from eq 12.
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clearly evident. The presence of these two distinct regimes
has not been as clearly observed with PBLG by previous
workers 244445 Qualitatively similar behavior, however,
has been found in solutions of polystyrene coils4647 and
in buffered solutions of polyadenylic acid.** For these
solutions, the break in the slope was attributed to a
transition between dilute and semidilute dynamics. Brown
and Mortensen?® noted that the transition concentration
where overlap began was c* = 1/[n] where [4] is the intrinsic
viscosity. From PBLG viscosity data taken for thissample
[7] = 0.119 £ 0.002 mL/mg so c* = 8.4 mg/mL (nL3 = 17).
The [7] value compares well to data in Itou et al.*® This
c* is very near where the transition occurs in Figure 6
(between 7.54 (nL® = 15.2) and 10.0 mg/mL (nL3 = 20)).
(The nL3 values at all concentrations studied are shown
in Table 1) This agrees with the Doi-Edwards50-52
classification that semidilute behavior should begin at
concentrations c* > M/L3N, = 0.5 mg/mL for the PBLG
used here. Moreover, Zero and Pecora® performed
dynamic depolarized light scattering experiments on
PBLG of molecular weights 150 000, 170 000, and 210 000
g/mol in dichloroethane and determined that the semi-
dilute regime, as determined by a discontinuity in the
rotational diffusion constant with concentration, began
at a concentration of about 5 mg/mL. The semidilute
regime in their study began at about nL3 = 21, which is
quite close to the transition point found here.

Hydrodynamic Radius (nm)

Figure 7. Comparison of binary solution DLS results to those
of the ternary composite liquid. The top figure is a typical
intensity versus hydrodynamic radius plot obtained from coNTIN
for a 0.01% silica/DMF solution. Each contin peak is marked
by an R and an I. R is the average hydrodynamic radius of the
peak and [ is the fraction of the total scattered intensity within
that peak. The second plot is a typical coNTiN output for a 0.5%
PBLG/DMF solution. The bottom plotis a typical conTin output
for the composite liquid showing both the rod and the sphere
diffusion. This compositeliquid contained 0.5% rods and 0.005%
spheres in DMF. For each coNTIN output, the solvent viscosity,
not the solution viscosity, was used to calculate R. This is why
R for the sphere varies from the value in the sphere/DMF output.
These examples were taken from data measured at 90°.

The two regimes were not so clearly observed before
because all other DLS diffusion studies on PBLG found
in the literature presented data that began at the end of
the dilute regime so that only semidilute behavior was
observed. As was noted for PBLG of molecular weights
300400 000 g/mol, at nL3 < 20 the solutions were so dilute
that the scattered intensity is too weak to be detected and
analyzed properly.*5 In previous studies of lower molec-
ular weights, at most one data point was reported in the
dilute regime. This is not enough to observe the trends
seen here. In addition, this break in the diffusion
coefficient between the dilute and semidilute regions was
not seen in recent experiments on short (236 base pair)
rodlike DNA fragments in 0.2 M NaCl possibly because
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the concentration effect was so strong (kp = 52 cm?3/g)40
that the break in the diffusion versus concentration curve
was too difficult to observe. Many more data points in
the dilute region should be measured in the DNA system
to better define the transition point. However, behavior
similar to that found in our study was observed in 1 mM
NaCl solutions of shorter (150 base pair) DNA fragments
though this was attributed to the coupling of small ions
with polyions.*! Since PBLG has no net charge, this does
not explain our results.

Below 10 mg/mL, the diffusion constant showed a very
small decrease with concentration. However, this decrease
is so slight that within the error the diffusion constant is
essentially independent of concentration. Extrapolating
the first four points to zero concentration gives an infinite
dilution diffusion constant (D) of 2.77 £ 0.04 X 10711 m?/
s. This value was used in the Broersma,?"2 Tirado and
Garcia de la Torre,? and Yamakawa and Fujii5® models
to determine the hydrodynamic diameter and rigidity of
the rods. Broersma’s result (eq 8) is generally considered
to give the best fit for long rigid rods of L/d > 5, and the
Tirado-Garcia de la Torre equation (eq 9) is generally
considered to be most appropriate for shorter rigid rods
in the range 2 < L/d < 30. The Yamakawa-Fujii model
pertains to semiflexible rods. PBLG diameters found by
various experimental methods range from 1.36 to 2.2 nm,*
8032 < L/d <51 for this molecular weight. Thus, it might
be expected that the Broersma equation would give the
most consistent diameter in our case if the PBLG were
rigid and rodlike. For a rod length of 70 nm and the
measured Dy, all three equations were used to calculate
the diameter. (It should be noted that Schmidt found the
influence of polydispersity on the translational diffusion
constant to be negligible if the weight average molecular
weight was used to calculate the length.*) The hydro-
dynamic diameter was calculated to be 2.08 + 0.8 nm using
the Broersma equation. This compares well to the values
found for PBLG of different molecular weights in DMF
shown in Table II. The Tirado prediction for Dy was on
average 8% higher than the experimental value throughout
the diameter range from 1.36 to 2.2 nm. Using the
experimental Dy, a diameter of 2.76 nm was calculated
using the Tirado equation which is well outside of the
expected range. The Yamakawa-Fujii prediction was even
worse. The Dg calculated from the Yamakawa-Fujii
equation over the experimental diameter range was 11%
higher using a persistence length of 156.5 nm.** Changing
the persistence length by up to 40% changed D, by only
0.5% maximum. The experimental error in Dj is at most
only 2.4%. Thus, both the total intensity and dynamic
light scattering data show PBLG to be quite rigid at this
molecular weight, unlike its behavior at higher molecular
weights where the Yamakawa~Fujii prediction was found
to be closest to the experimental results.#® The hydro-
dynamic diameter was about 4 A larger than the geometric
diameter. This is possibly due tosolvation effects in which
DMF molecules (size about 4 A) are carried along with the
PBLG as it diffuses.?®

In the second regime, there is a modest increase in the
diffusion coefficient of PBLG with increasing concentra-
tion. This behavior has been previously observed by many
investigators.2444455¢ From a linear fit to the data in this
regime (10 mg/mL and up), a zero-concentration intercept
of Dy = (2.46 £ 0.06) X 1071 m?/s was found (Table III).
This value is 11.2% below Dy determined from the dilute
solution data only. Fitting all the data gave a 6.5% lower
value for Dy. Thus, extrapolations of diffusion coefficient
data to zero concentration often miss the changing slope
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Table III
Linear Fits to the Rod Diffusion Data
kplexpt)?  kiexpt),?

Dy,8 x10!! m?/s cm®/g cm3/g
dilute regime 2.77 + 0.04 ~4%4 83@5
(1.1-7.54 mg/mL)
semidilute regime 2.46 = 0.06 14+1 653
all data 2.59 £ 0.02 11.0£ 0.5 68%3

s From fits to eq 13. ® From eq 14.

in the dilute regime and give a smaller Dy value than
expected from the hydrodynamic models, as was found by
Russo et al.2¢ Using 2.59 X 10! m?/s for Dy, a diameter
0f 2.58 + 0.8 nm was calculated from Broersma’s equation.
This is 17% larger than the largest experimental value of
2.2 nm obtained from sedimentation data. Thus, values
for Dy obtained in this manner differ significantly from
the value of (2.77 £ 0.04) X 101! m2/s obtained above
using only the low concentration data and lead to even
larger discrepancies in the values calculated for the rod
hydrodynamic diameter.

Slopes were also calculated for the linear fits to the data.
These are shown in Table III. From each slope and the
intg-:'cept, values of kp were determined according to eq
13.

D = Dy(1 + kpe) (13)

The diffusion virial coefficient kp is given by
kp = 2MA,— k- v (14)

where v is the specific molar volume (0.791 cm3/g for
PBLG) and k; is the coefficient in the linear term in the
expansion of the friction factor in powers of the concen-
tration.

Asmay be seen from the equations above, kp is ameasure
of the competition between thermodynamic effects which,
in the case of PBLG, speed up diffusion and frictional
effects which slow it down.2* A negative kp means the
enhanced friction due to the rod-rod interactions upon
adding more rods is more important than the increased
rod-rod repulsion due to crowding. A positive kp means
just the opposite while kp = 0 indicates cancellation of
these effects. In some cases an apparent negative kp is
indicative of aggregation.

Since eq 13 is valid at low concentrations where only
pair correlations are significant, it is not surprising that
this equation does not account for the change from negative
to positive kp seen here. Thus, we focus on the kp values
for each concentration regime rather than the overall value
for the sake of comparison to other data in the literature.
The kp values reported here are compared to those
obtained by other investigators for semidilute solutions
of PBLG in DMF in Tables II and III. These values are
about four times smaller than those found for semidilute
solutions of charged, rodlike DNA of similar length.*0

Equation 14 was used to determine the experimental k¢
values for the different concentration regimes. The
theoretical values for k; given by Peterson (eq 15) and
Ttou et al.#® (eq 16) for a cylindrical hard rod at low
concentration with the same molecular dimensions as
found for PBLG of L = 70 nm are given in Table IV:

ke = (RT/3no)(L*/ D,M)(3d/8L)*° (15)
k= (RT/31)(BA,N,/%2m* M3 /Dy)  (16)

The k¢ values calculated using eqs 15 and 16 are within
the error identical to the experimental k¢ values for the
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Table IV
Comparison of Experimental and Theoretical Values of ky
and kp

kp, cm®/g ks, cm¥/g

experiment
dilute -4x4 83 & 59
semidilute 14%1 65 £ 39
all data 11.0 £ 0.5 68 + 3¢
theory (Peterson) -10 % 5¢ 89 =+ 4b
theory (Itou et al.) -1+ 3¢ 79 £ 1¢

a k¢ calculated from experimental kp, Az, and M values using eq
14. % k¢ calculated from Peterson’s equation (eq 15). © ks calculated
from Itou et al.’s equation (eq 16). ¢ kp calculated using the k; value
calculated from eq 15 and the experimental A; and M in eq 14. ¢ kp
calculated using the k; value calculated from eq 16 and the
experimental A; and M in eq 14.

dilute regime. Such good agreement between theoretical
and experiment values of ¢ for rod systems has not been
reported before. Petersonfound anerror of 53% between
his theory and the experimental value for dilute aqueous
solutions of tobacco mosaic virus. Kubota et al.*>reported
a 20% error between experiment and theory for PBLG of
molecular weights 290 000 and 372 000 g/mol. They
attributed this to flexibility. Goinga and Pecora‘’ also
observed poor agreement between theory and experiment
with semidilute aqueous solutions of DNA and attributed
it to electrostatic interactions. Our results indicated that
these equations are good approximations for stiff, un-
charged rods at low concentrations.

The theories of Doi et al.575% for the DLS dynamic
structure factor of semidilute and concentrated solutions
of long rigid rods gave neither qualitative nor quantitative
descriptions of our DLS data even though the concen-
trations studied should fall within the range of their theory
for semidilute solutions.?® For instance, systematic de-
viations from ¢2 dependence of the average decay rate
were not observed. In addition, if the slower mode in our
DLS results is identified with the Do, of ref 58, kp would,
according to this theory be given by eq 14 with ks and v
set equal to zero. A perusal of Tables III and IV shows
that this would give a much higher theoretical kp than is
measured in the semidilute region. This comparison uses
the Doi-Edwards assumption that the rod self-diffusion
coefficient in the semidilute region is concentration
independent.5%-52 It is possible that this is not correct and
a nonzero K¢ could represent this dependence. However,
according to Tables III and IV, k¢ would have to be about
65 cm?/g to give agreement with experiment. DeLong and
Russo®® have obtained similarly poor agreement with the
Doi et al.8 theory for solutions of PBLG in DMF having
even higher molecular weights than studied here. De-
Long and Russo do not study the dilute behavior, but
their studies spanned a wide range of the nondilute region.

CONTIN vs Cumulants. The rod/DMF and the rod/
sphere/DMF data were analyzed by the method of cu-
mulants in addition to conTin. The goal of this exercise
was to get a better feel for when cumulants were good
enough to accurately characterize a decay time distribu-
tion. It was found (to no surprise) that the cumulant
results compared quite favorably to the conNTIN results when
conTIN showed one dominant peak as in the case of the
rod/DMF solutions (Figure 6). However, if conTIN showed
two or more peaks, the two methods were no longer
consistent. The normalized second cumulant (Ky/K:?)
provided a good measure for determining whether or not
the cumulant method was effective. Mustafa and Russo?
found that if third order cumulants failed to fit the data,
Laplace inversion was in order. They found this to be the
case if Ko/K;?2 > 0.25. The data here support this
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conclusion as this value ranged from 0.04 at the lowest
concentration to 0.20 at the highest with values up to 0.25
found at the lowest angle of the least concentrated sample.
This presumably was due todust. Values for the composite
liquid however varied from 0.25 at the lowest rod con-
centration to 0.8 at the highest one. So, at angles 60° or
above, the data suggest that if K,/ K2 < 0.2, cumulant and
CONTIN results agreed within the error. If 0.2 < Ko/K;2 <
0.25, agreement was likely but not certain, but if Ko/ K; >
0.25, a more flexible method like conTIN had to be used,
as the results from conTIN and the cumulants did not agree
within the error. Forexample, Ko/K;2=0.2for the highest
concentration data point in Figure 6. Here the deviation
from the conTIN results first became significant. This was
probably due to dust as discussed earlier.

Sphere/Solvent Studies. The concentration depend-
ence of the coated monodisperse sphere diffusion coef-
ficients in DMF was measured by DLS over the range
used in the composite liquid experiments [0.053-0.32 mg/
mL (0.005-0.03 mass %) silica]. Over this dilute con-
centration range, the diffusion constants were the same
within experimental error. At higher polymer concen-
trations, higher concentrations of spheres were used so
their scattering was commensurate with that of the rods
as shown in Table I.

V. Composite Liquid DLS Results

CONTIN Peak Identification. The DLS results from
the binary solutions (sphere/solvent and rod/solvent) may
be compared with those from the composite liquids as
shown in Figure 7. This comparison allows an unambig-
uous assignment of the composite liquid peaks given by
CONTIN. In all the composite liquid data analyzed, at most
two dominant peaks were resolved by conTIN, depending
on the solvent/sphere refractive index contrast.

The slow peak (large R)) was attributed to the trans-
lational diffusion of the spheres in part because it was
independent of angle and its frequency I' scaled as g2
Most importantly though, it was found that as the polymer
concentration decreased, the hydrodynamic radius ap-
proached that of the spheres alone in DMF. Adding
polymer increased the macroscopic viscosity of the solu-
tion, so the sphere diffusion slowed down as shown in
Figure 12. Because the solvent viscosity (without rods or
spheres) was always entered into CONTIN, CONTIN accounted
for this decreased diffusion by increasing the variable R},.

The faster peak (smaller Ry,) was due to the translational
diffusion of the rods. Again the corresponding diffusion
constant was independent of angle and the frequency
scaled with g2, indicative of a diffusion process. The
variation of the rod translational diffusion constant with
polymer concentration closely follows that of the binary
system confirming that the peak does belong to the rods.
More importantly, this indicates that the spheres did not
affect rod diffusion at these low sphere concentrations.
The rod peak translational diffusion constant in the binary
and ternary solutions is compared in Figure 8.

There is some deviation at the highest rod concentration,
but this is due to the difficulty conTiN has in fitting the
rod peak because it decays very quickly on the time scale
required to measure the relatively slow sphere diffusion
as described earlier. Since relatively few data channels
were used for the decay, the peak appears broadened
especially toward the fast decay time edge of the window
(small Ry). So the average diffusion constant calculated
would be too high as observed.

The very fast, weak third peak that almost always
appeared in the rod/DMF results again appears, though
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Figure 8. Rod translational diffusion constant versus concen-
tration. The rod translational diffusion constants from the con-
TiN results for the binary rod/DMF solutions () as compared to
the rod diffusion constants from the CONTIN results for the
composite liquids (O) at similar rod concentrations.

less frequently, in the composite liquid results. It appears
inthe same general region and has the same characteristics
as in the binary system, though it is broader. It is most
likely due to translational-rotational coupling of the rods.®

No diffusion slower than that of the spheres was
observed, indicating the absence of large aggregates.
However, at rod concentrations of 15 mg/mL and higher,
a peak with a maximum intensity of 4% frequently
appeared between the rod and sphere peaks. This weak
peak’s position was quite erratic, usually falling between
20 and 120 nm in R}. Because of this variability, angular
and concentration dependences could not be determined.
Also, because of its low intensity, the peak rarely influenced
the positions of the other peaks. Asaresult, it wasthought
to be merely an artifact.

Sphere Index Matching. Animportant advantage of
this composite liquid system is that the sphere’s contri-
bution to the total light scattered can be reduced or
eliminated by using a dimethylformamide/pyridine solvent
mixture. Figure 9 shows that as the pyridine/DMF
composition was raised to 31.8 % pyridine, the sphere peak
gradually disappeared while the rod peak remained. The
experiments were done at a very low rod concentration
(1.0 mg/mL) and a constant sphere concentration (0.047
mg/mL) similar to that used in the other composite liquid
DLS studies. The low rod concentration was chosen so
that the sphere would dominate the scattering and thus
be more difficult to index match. Infact,the sphere peak
went from contributing 80% of the scattered light intensity
at 0% pyridine to 0% of the scattered light at 31.8% py-
ridine. Given this matching point, the Gladstone-Dale
equation® for calculating the index of refraction of solvent
mixtures gave an n25p = 1.4528. This compares quite well
with other values for the refractive index of silica particles
made by the Stéber process.!86! It should be noted that
the rods were found to be both rigid and nonaggregating
in these solvent mixtures. Thespheres too were dispersible
as singlets in the solvent mixtures.

The ability to match the spheres is quite useful. It
provides another means for verifying which composite
liquid peak belongs to the spheres. Since CONTIN is able
to fit one peak more precisely than two, rod diffusion in
the complex liquid can be studied more precisely than
when the sphere peak is present. This would be partic-
ularly useful at polymer concentrations higher than those
studied here. Incidentally, by adding more spheres away
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Figure9. Sphererefractive index matching. The top plotshows
the rod and sphere translational diffusion peaks in the coNTIN
output for a solution of 0.5% rods and 0.005% spheres in pure
DMF. The bottom figure shows the same thing for a solution
of 0.1% rods and 0.005% spheres at the sphere matching point
(31.8% pyridine/68.2% DMF). The sphere peak is gone.

from the matching point using either pure DMF or py-
ridine (where sphere scattering is up to 50% higher than
in DMF), the contribution of the scattering due to the
rods can be made virtually insignificant too. Most
importantly though, the index matching aliows solutions
with a high concentration of spheres to be studied using
optical techniques without complications due to multiple
scattering and turbidity. For example, a solution of 34
mg/mL (3.5%) silica spheres was prepared in DMF and
in DMF/pyridine at the matching composition. There
the scattered light intensity at 90° was 100 times lower
than in pure DMF. Furthermore, DLS results of this
sample near the matching point measured at angles from
60° to 110° were identical to results of the dilute solutions
of spheres in DMF discussed earlier.

Sphere Diffusion in the Complex Liquid. Another
main goal of this study was to test the validity of the
Stokes-Einstein relation for spheres in a nonaqueous
solution of rodlike polymers. Figure 10 is a plot of the
diffusion constant for the spheres obtained from coNTIN
for each composite liquid sample versus the reciprocal of
the macroscopic viscosity as measured by an Ostwald
capillary viscometer. Figure 11 is another representation
showing the variation of the data about the Stokes-Ein-
stein prediction. The maximum deviation from the
Stokes-Einstein prediction is only 6%. No coupling
motions are seen here similar to those that have been
noticed in a sphere/coil system and which caused a
deviation to a higher D than predicted.!562 Thus, in the
concentration range examined, the CONTIN results provide
a good measure of the solution viscosity.

Langevin and Rondelez5® have given a scaling argument
torationalize deviations from the Stokes-Einstein relation
for diffusion of a particle of radius R through a semidilute
solution of polymers. Theirargument may be summarized
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Figure 10. Stokes-Einstein behavior and sphere diffusion. The
measured sphere diffusion constants in each composite liquid
solution were plotted against the measured solution viscosity of
the solutions (®). The line is determined from the theoretical
diffusion constants calculated at each viscosity using the bare
sphere radius 60.4 nm in the Stokes—Einstein equation.
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Figure 11. Deviation from the Stokes—Einstein equation. An
alternative way of plotting the data in Figure 10 that shows the
deviation (or lack thereof) more clearly is presented. Diffusion
constants and viscosities were determined as in Figure 10. The
line represents the expected results from the Stokes—Einstein
law where kT/67R is constant at all concentrations.

by the following equation:

D/D, = exp [-(R/£)] + ny/n 1"

where the subscript “0” indicates zero concentration of
background polymer. Ineq 17, {is the “correlation length”
between molecules or cross-links. Four different methods
were used to estimate £. The first equatesit to the average
distance between the centers of the rods assuming they
are evenly spaced in the solution (£.). £.iscalculated from

eq 18,
(cNa)-l/ﬁ
E=\7r (18)

and its values at various rod concentrations are listed in
Table I. The second (¢;), used by Yang and Jamieson,!4
assumes that at the overlap concentration the molecules
are aradius of gyration apart and £ is inversely proportional
to the polymer concentration:

£ = rg(g) (19)

c

The third equates it to the static correlation length (&)
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measured from total intensity light scattering experi-
ments.38

Ke_ 1 @dr 2 2

R, = RTloc)r + &0 (20)
K,c, Ry, and q are as before and the derivative is the osmotic
modulus. £ is calculated from the slope and the intercept
of a plot of (Kc)/Ry versus g2. The last estimate for ¢ is
the hydrodynamic correlation length (£;) defined in terms
of the Stokes-Einstein relation:

£ = kT
b 8rneD

where D is the diffusion coefficient of the polymer. Table
I lists values for £ obtained by all four methods.

Accordingtoeq 17,if R > £, the Stokes—Einsteinrelation
holds as the sphere sees the macroscopic polymer solution
viscosity n. But as R becomes less than £, D approaches
Dy as the sphere is able to diffuse in between polymers
and thus sees an effective viscosity that approaches that
of the pure solvent. The polymer concentrations were
chosen such that £, was on the order of the sphere radius.
In these experiments in the semidilute regime, 2.4 < R/&,
< 3.4. Moreover,3.8<R/(<11.4,7.9<R/£<17.8,and
6.2 < R/&, < 7.7 in the semidilute regime. Clearly, since
no deviations from the Stokes-Einstein equation were
observed, solutions with a much smaller R/{ ratio must be
studied te verify the predictions embodied in eq 17. It is
important to note that Yang and Jamieson!4 found that
eq 17 was valid only for R/¢; > 5 for polystyrene spheres
in (hydroxypropyl)cellulose. Inour system, with exp (-R/
£) s0 small, it would be difficult to distinguish deviations
from Stokes-Einstein behavior if they followed eq 17.
Deviations from Stokes-Einstein behavior have not been
observed in silica sphere/polymer systems studied by other
workers either.!®1662 In these cases the background
polymer was either polyisobutylenel®62 (PIB) or poly-
(methacrylate)'® (PMMA) in nonaqueous solvents. In
these studies only £, was determined and 3.3 <R/§, < 45.6
so that R/¢ was not less than 1 in these studies either.

Deviations from Stokes—Einstein behavior have been
found in many non silica sphere/polymer systems. It has
been determined that if diffusion is slower than Stokes—
Einstein predicts, the polymer is likely adsorbing onto the
spheres or causing sphere-sphere clustering.2® Diffusion
faster than predicted has also been observed, though
exclusively in aqueous solutions of polystyrene spheres
and a variety of polymers.26-10.1¢ Phillies” noted that the
Stokes—Einstein equation failed by up to a factor of 8 at
large polymer molecular weights in the aqueous polysty-
rene/polymer systems. Interestingly, he found increasing
Rto1-3 um (R > £) did not improve the relation’s validity.
This is contrary to the prediction of Langevin and Ron-
delez®® in eq 17. Yang and Jamieson!4 on the other hand
observed deviations from the Stokes—Einstein relation as
the polymer molecular weight increased and the radius of
the sphere decreased qualitatively agreeing with eq 17.
They also found a deviation of a factor of 100 in an aqueous
system of polystyrene spheres and xanthan.® Though
many have speculated on the reasons for the deviations
from Stokes-Einstein behavior,? no satisfactory theory
has yet been presented.

To summarize, no large magnitude deviations from
Stokes—Einstein behavior have been observed in nonaque-
ous solutions of coil or rod polymers (as in that studied
here). Large deviations have, however, been found, but
not satisfactorily explained theoretically, in aqueous

(21)
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Figure 12. Stretched exponential fits to sphere diffusion
constant and solution viscosity data as a function of concentration:
g, the diffusion constant data; @, the solution viscosity data.
The solid line is the best fit to the diffusion data giving « = 0.17
and » = 0.77. The dotted line is the best fit to the viscosity data
given a = 0.15, » = 0.84.

solutions of polystyrene spheres and coil or semiflexible
polymers.

Models for Sphere Diffusion in Polymer Solutions.
Probe diffusion has been found experimentally by many
groups to follow a “stretched exponential” relationship
between the sphere diffusion constant and the polymer
concentration;810-13

D/D, = exp (-ac”) (22)

Since in this system the Stokes—Einstein equation is valid
for the concentrations used, it would be expected that D
and 7! have the same concentration dependence. So the
measured solution viscosity, 5, should scale as

n/ng = exp (ac”) (23)

The experimental diffusion and viscosity data were fit
to an exponential of the form vy = exp (—ax”) using a Mar-
quardt fitting routine where o and v are fitting parameters.
These fits are shown in Figure 12. The following values
were found: ap = 0.17, &, = 0.15, vp = 0.77, v, = 0.84.
Excluding the D value for the ¢ = 1.0 mg/mL, which was
found to be furthest from the expected Stokes-Einstein
value in Figure 10, gives ap = 0.16 and vp = 0.80. Since
this is a very flexible fitting function, further analysis was
performed to obtain realistic error estimates for these
parameters. The data were fit to a line through the origin
by plotting In (Do/D) vs In ¢¥ for 0.5 < v < 1.0 as shown
in Figure 13. The exactness of the fit (x?) for each line
was compared to get an estimate of the error in the o and
v values obtained from the exponential fit. Values with
conservative error estimates obtained by this procedure
are a = 0,16 £ 0.02, » = 0.81 % 0.07. As expected, the
diffusion and viscosity data have inverse concentration
dependences. The value for » is in accordance with the
empirical prediction of Phillies for a polymer of molecular
weight 102 000 g/mol.8 This value also compares well to
v = 0.80-0.85 found by Zhou and Brown for silica/PIB.15
These results are lower than » = 0.91 found by Brown and
Rymdén for silica/PMMA!® and higher than the value of
0.62 found by Langevin and Rondelez for silica/poly-
(ethylene oxide).%?

Several theories have been developed that predict an
exponential dependence of D on concentration. Ogston
et al.% examined the diffusion of large spheres through a
suspension of long, rigid random fibers using a stochastic
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Figure 13. Exactness of the stretched exponential fit for
concentration exponents (v) between 0.5 and 1.0: In (Dy/D) vs
05 (M), vs %™ (X), vs ¢"¥ (A), vs 1 (@).

approach and found » = 0.5. Cukier also found » = 0.5 for
both rod and coil polymers by using a hydrodynamic
approach to model the effects of screening in semidilute
polymer solutions.®> Altenberger and Tirrell also predicted
a %5 dependence with a model where self-diffusion of a
particle in a medium of fixed obstacles was used to simulate
an entangled polymer network.®® This model was gen-
eralized by examining the effects of statistical correlations
in the placement of the fixed obstacles on the transport
properties of particles through the network.6” Anexponent
that fell between 0.5 and 1.0, depending on the hydro-
dynamic interactions between points in the polymer
network and the concentration of obstacles, was obtained.
At high concentration or strong hydrodynamic interac-
tions, the ¢ dependence is stronger than c03,

Thus, not even theories that model the polymers as rigid
rods®795 are able to exactly predict the experimentally
determined concentration dependence of sphere diffusion
in a rod solution. Since the deviation from ¢% behavior
was found for solutions of rods and coils, this discrepancy
is probably not due to polymer flexibility alone. The
results of Altenberger et al.®” suggest, however, that
hydrodynamic interactions between the rods are important
in characterizing sphere transport through a rod network.
There is even less agreement on the theoretical significance
of the parameter o which is often thought to depend in
part onthesphere radius.54% Current models are evidently
inadequate to explain the diffusion of probe spheres in
polymer/solvent systems.

VI. Conclusion

We have synthesized a new rod/sphere composite liquid
and performed dynamic light scattering experiments to
study the rod and sphere dynamics at a variety of
concentrations. The diffusion of the rods in the composite
liquid with dilute spheres was found to be identical to
that in binary rod/DMF solutions. As the rod concen-
tration is increased, two distinct diffusion regimes are
observed. The transition point between these regimes
occurred at 8.4 mg/mL, which agrees with the estimate of
Doiand Edwards®%-52 and the experimental results of Zero
and Pecora®® for the transition region between the dilute
and semidilute concentration regimes. The diffusion
constant of the spheres was found to scale with the
macroscopic viscosity of the solution in accordance with
the Stokes—Einstein law. For the casesstudied, the radius
of the spheres was greater than the rod correlation length.
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Langevin and Rondelez® have suggested that, in the sem-
idilute region, deviations from Stokes-Einstein behavior
of the spheres are likely to be seen when the sphere radius
is less than the rod correlation length. For the current
composite liquid, solutions of smaller spheres and larger
molecular weight PBLG must be used to investigate this
regime. Sphere diffusion for the dilute spheres was also
shown to follow a stretched exponential relationship
between the sphere diffusion constant and the rod
concentration. A reciprocal relationship between the
solution viscosity and the rod concentration was found, a
further indication of Stokes—Einstein diffusion. Though
the observed c%8! dependence differs from the theoretical
c®% dependence for spherical probes in a suspension of
rods, it is similar to that found in silica sphere/coil polymer
systems. Consequently, polymer flexibility alone does not
adequately explain the differences between theory and
experiment.

An important advantage of this rod/sphere system is its
versatility. Since silica spheres can be synthesized from
10 nm up to almost 1 um in diameter and PBLG of mo-
lecular weights 15 000-350 000 g/mol can be readily
obtained, composite liquid dynamics can be studied over
a wide range of component sizes. In addition, the sphere-
matching procedure enables sphere concentrations over
3 orders of magnitude higher than those studied here to
be investigated by DLS and other optical techniques such
as transient electric birefringence. These features open
the door for a wide variety of additional experiments like
those described here as well as new experiments inves-
tigating, for example, rod rotational diffusion in confined
environments and rheological properties in these liquids.
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