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ABSTRACT: Five composite liquids consisting of the rigid rod polymer poly(y-benzyl a,L-glutamate) and 
narrowly dispersed, spherical silica particles were studied in the solvent dimethylformamide by dynamic 
(DLS) and total intensity (TILS) light scattering. The diffusion constant of the spheres was measured by 
DLS. The effects of sphere size, rod length, and rod concentration on the diffusion of the spheres were 
investigated to probe the rod solution microstructure. Microviscosities as low as one-half of the solution 
viscosity were determined from the sphere diffusion constants near the rod concentration c*, which marks 
the onset of semidilute dynamics. At low rod concentrations, the microviscosities qualitatively follow the 
equation of Langevin and Rondelez,'B indicating the solution behaves as a net rather than as a continuum. 
A key parameter in predicting how the spheres diffuse is the ratio of the sphere radius to the polymer mesh 
size (RID. At higher rod concentrations, microviscosities at  least 20% lower than the solution viscosity were 
measured for all but one composite liquid. The DLS and TILS data suggest the solution structure begins 
to become inhomogeneous at these higher, but prenematic, rod concentrations and that the rod solution 
microstructure is important in affecting sphere diffusion in this composite liquid at both low and high rod 
concentrations. 

I. Introduction 
Composite liquids are an important class of materials. 

For example, lubricants, paints, and adhesives are all 
mixtures of macromolecules in a solvent. Inaddition, solid 
composites such as polymer blends, ceramic, and con- 
trolled-release drug delivery materials are often processed 
in the liquid state. Thus, understanding microstructure 
and interactions between macromolcules in the liquid state 
is essential in the rational design of composites. Unfor- 
tunately, such fundamental investigations have been 
relatively rare due to both the difficulty of preparing 
precisely defined composite liquids and the lack of 
adequate experimental methods to monitor the motions 
of the various constituents. 

We have recently reported the synthesis, characteriza- 
tion, and some studies of the dynamics of a rodlaphere 
composite liquid system.' In our case, the polymer is a 
rigid rod polymer, poly(y-benzyl a,L-glutamate) (PBLG). 
Rigid rod polymers are frequently used in composite liquids 
to enhance viscosity. PBLG is commercially available in 
a wide range of molecular weights, and its static and 
dynamic behavior in dilute and nondilute solutions has 
been studied.'-'' It, in addition, forms mesophases in the 
concentrated regime. The ceramic particles in our com- 
posite liquid are coated silica spheres. These spheres are 
Synthesized by the method of Stiiber et al.1*J3 and coated 
with an organic coating (3-(trimethoxysilyl)propyl meth- 
acrylate (TPM)) following a procedure based on that of 
Philipse et al. lJ4 to render them dispersible in organic 
solvents. The spheres with sizes in the range from 10 nm 
up to almost 1 pm can be synthesized with a relatively 
narrow size distribution. The solvent in our studies is 
dimethylformamide (DMF). Both polymer and particle 
are dispersible as singleta (nonaggregating) in these 
solvents, and the PBLG retains its rigid (or nearly rigid) 
rod conformation. The diffusion of both the polymer and 
the sphere in the composite liquid is measured by dynamic 
light scattering (DLS).16 In this paper, we focus on the 
spheres and examine the effects of rod concentration and 
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rod length on the diffusion of different size spheres. Total 
intensity light scattering (TILS) measurements were also 
performed on the composite liquid solutions to relate the 
sphere dynamicsto changes in the static solution structure. 
This study suggests that the solution microstructure has 
an important influence on sphere diffusion. 

11. Experimental Section 
Coated silica spheres of radii 39.4 and 60.4 nm (determined 

by DLS) were synthesized. The synthesis of the 60.4-nm particles 
was presented earlier.' The 39.4-nm particles were prepared by 
a similar procedure. The seed particles for the 39.4-nm spheres 
weresynthesized from a solutionof0.18M tetraethylorthosilicate 
(TEOS), 0.6 M NH3, and 1.53 M H20 in absolute ethanol at 40 
"C. Particles of radius 20 nm were prepared. Eight doses of 
TEOS were then added to the sol to grow the spheres to a radius 
of 40 nm. TPM (97%; 19.9 mL) was added to 212 mL of sol to 
coat the particles. The final coated particle radius in DMF was 
39.4 nm. PBLG of molecular weights 102 OOO, 200 OOO, and 
249 700 were purchased from Sigma Chemical Co. The polymer 
polydispersity (M,/M,) in each case was at most 1.2. 

In the previous paper,' the dynamics of both binary rod/DMF 
and sphere/DMF solutions were studied by DLS in addition to 
the rod/sphere/DMF composite liquid. I t  was shown there that 
the diffusion constants of both the rods and the spheres could 
be simultaneously determined by DLS. It was determined that 
at low sphere concentrations (0.047-0.28 mg/mL (0.005-0.03 mass 
W )), the spheres did not alter the diffusion constants of the rods. 
Also, sphere/DMF solutions were studied but showed no change 
in the sphere diffusion constant over the dilute concentration 
range examined in those experiments. The dependence of the 
rod diffusion constants on concentration in rod/DMF solutions 
revealed two dynamical regimes. The transition, denoted by c*, 
between these regimes was attributed to the change from dilute 
to semidilute dynamics. c* was shown to be approximately equal 
to 1/[?1.'J5 

Results are reported here for five composite liquids (CL1-5). 
The constituents of each composite liquid are shown in Table I, 
where they are listed in order of decreasing sphere radius to rod 
length. Table I1 shows the rod concentration range for each 
liquid. The weight-average rod lengths, as calculated from the 
molecular weights, are given in Table I. The PBLG monomer 
molecular weight is 219 and the length per monomer is 0.15 nm. 
The molecular weight of the shortest rods was determined from 
TILS, and the manufacturer's values for the weight-average 
molecular weights of the other rods were used. The sphere 
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Table I 
Composite Liquid Constituents 

composite sphere rod length 
liquid radius (nm) rod mol wt (nm) 

1 60.4 102 OOO 70 
2 60.4 200 Ooo 137 
3 60.4 249 700 171 
4 39.4 200 OOO 137 
5 39.4 249 700 171 

Table I1 
Rod Concentrations and R/E Values for the Composite 

Liauids 
rod concn rod concn 
(mg/mL) nL:’ R / &  R/tr (mg/mL) nL:’ R/& R/& 

1.0 
3.2 
5.0 

10.0“ 

0.20 
2.0 
4.0” 

1.0 
2.7” 
4.0 
4.6 

0.40 
0.60 
0.85 
3.0 
3.5 
4.2“ 

1.1 
2.6” 
4.0 
4.5 

A. Composite Liquid 1 
2.0 1.1 0.41 15.1 
6.4 1.6 1.2 20.9 

10.1 1.9 1.9 29.9 
20.2 2.4 3.8 

B. Composite Liquid 2 
1.6 0.51 0.078 6.0 

15.5 1.1 0.78 8.5 
31.0 1.4 1.6 10.5 

C. Composite Liquid 3 
12.0 0.80 0.47 6.0 
32.5 1.1 1.3 8.4 
48.0 1.3 1.9 10.1 
55.4 1.4 2.2 13.1 

D. Composite Liquid 4 
3.1 0.42 0.10 5.1 
4.6 0.48 0.15 6.1 
6.6 0.54 0.22 7.0 

23.1 0.82 0.76 8.0 
26.8 0.86 0.88 10.5 
32.7 0.92 1.1 13.0 

E. Composite Liquid 5 
13.4 0.55 0.34 6.0 
31.8 0.73 0.81 8.3 
48.0 0.84 1.2 10.0 
54.0 0.87 1.4 13.1 

30.5 2.7 5.6 
42.3 3.0 7.9 
60.4 3.4 11.1 

46.4 1.5 2.3 
65.8 1.6 3.3 
81.3 2.0 4.1 

72.0 1.5 2.8 
101.3 1.6 3.9 
121.8 1.8 4.8 
158.0 1.9 6.2 

39.2 0.98 1.3 
47.0 1.0 1.6 
54.1 1.1 1.8 
61.9 1.1 2.0 
81.3 1.2 2.7 

100.9 1.3 3.3 

72.0 0.96 1.8 
100.0 1.1 2.5 
120.0 1.1 3.0 
158.0 1.2 4.0 

Rod concentration closest to but greater than c* as determined 
from [ q ]  as described in the text. 

concentrations were dilute for all five samples. A concentration 
of up to 0.03 mass 5% was used in CL1, and CL2-5 each contained 
0.1 W silica. The sample preparation was as previously discussed.I 
All experiments were done at 25 ‘C. 

Each solution viscosity q was measured using three different 
capillary viscometers at 25 “C. Both Ostwald and Zeitfuchs cross- 
arm viscometers were utilized. No shear rate dependence was 
found. Thus, the readings from three different viscometers were 
averaged to determine the solution viscosity used in this paper. 
The error in 7 is the standard deviation in these readings. Using 
capillary viscometers, Yangi also did not observe shear thinning 
in solutions of PBLG having a length up to 190-290 nm, rods 
even longer than used here. Total intensity light scattering 
measurements were performed on the composite liquid solutions 
to relate the sphere dynamics to changes in the static solution 
structure. 

DLS and TILS experiments were performed using the two 
apparatuses described previously.’ The intensity autocorrelation 
function was measured in the homodyne DLS experiments at a 
minimum of three of the following angles: 25.45 or 30.56,59.44, 
90, and 110.35 or 120.56’. TILS data were taken at 30.89,38.25, 
59.41, 75.22, 91.33, 125, and 145’. Toluene was used as the 
reference. 

For the solutions described here, the diffusion constants of 
the rods and the spheres were determined from the experimentally 
determined correlation function using the FORTRAN program 
CONTIN, which calculates the distribution of decay times ( T H )  

leading to the decay of the measured correlation function.] The 
calculated baseline was used in all cases. The decay time ( T H )  

is inversely proportional to the translational diffusion constant, 
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T~ = 1/q2D (1) 

q = (4~n/X,,) sin(W2) (2) 

where q is the magnitude of the scattering vector, 

and n is the solvent index of refraction, XO the wavelength of the 
laser light in a vacuum, and 0 the scattering angle. After analyzing 
the data with CONTIN, the sphere diffusion constants were 
averaged with other data taken for the same sample at the same 
angle. Then, ~ / T R  vs q2 plots were used to determine that the 
relaxation time exhibited the proper angular dependence for a 
diffusion process. D was independent of q over the angle range 
of these experiments. The final average diffusion constant 
presented here was determined from the slope of the linear plots. 
The error reported is the error in the linear least squares fit. In 
this paper, we focus on the effects rod and sphere size as well as 
rod concentration have on the diffusion constant of the spheres. 

111. Dynamic Light Scattering Results and 
Discussion 

The spheres in these composite liquid solutions are 
utilized as probes of the composite solution structure. In 
the experiments discussed here, we are interested in the 
question: Is the solution microstructure relevant in 
determining sphere diffusion? Information, although 
indirect, about the microscopic solution environment 
encountered by the spheres as they diffuse can be obtained 
by using the Stokes-Einstein equation to  calculate the 
local viscosity (or microviscosity, 7,) from the measured 
diffusion constants for spheres of known radius R (R is 
determined from DLS measurements on dilute solutions 
of spheres in DMF).17 

7, = kT16rRD (3) 
If the microviscosity is identical t o  the solution viscosity 

(v) ,  measured here by a capillary viscometer, the local 
environment encountered by the spheres appears to be 
the same as the average solution environment. Thus, as 
far as the sphere diffusion is concerned, the solution 
behaves as a structureless continuum-a medium com- 
pletely characterized by a macroscopic property of the 
solution: the solution viscosity 7. However, if 7r < 7, the 
local solution environment (microstructure) surrounding 
the sphere as it diffuses is different from the average 
solution environment. This suggests that the solution 
microstructure is important in determining sphere dif- 
fusion. 

Langevin and RondelezlE have presented a scaling 
argument to  explain the case in which the probe of radius 
R diffuses faster through a semidilute solution of polymers 
than predicted from the solution viscosity. Their argument 
is based on topological considerations which treat the 
background polymer in the semidilute regime (above c * )  
as a transient “net”. Their argument leads to the following 
interpolation equation for the microviscosity: 

(4) 
where 0 signifies zero polymer concentration and 5 is the 
“correlation length” between polymer molecules. 4 is a 
measure of the mesh size of the net. The mesh size can 
be estimated as the average distance between the rods: 

qolrl, = q0/v + exp(-R/S‘) 

5, = (MlCN,)”~ (5) 
It can also be estimated by the following equation:lJO 

5, = r,(c*/c) (6) 
where N, is Avogadro’s number, rg is the radius of gyration 
of the polymer, and c is the polymer concentration. This 
equation says that a t  c * ,  the polymers are a radius of 
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Figure 1. Microviscosity (q,,/q) for the five composite liquids versus dimensionless rod concentration nL3. The solid circles are the 
microviscosities obtained by using eq 3 to calculate qr from the measured D. Panel a shows the results for CL1, panel b for CL2, panel 
c for CL3, panel d for CL4, and panel e for CL5. They are presented in order of decreasing RIL. c* is as described in the text. 

gyration apart. The mesh size scales inversely with 
polymer concentration above this point. It is clear that 
E can be changed by either varying the polymer molecular 
weight and/or the polymer concentration. 

According to eq 4, if R >> [, q, = q. But, as the probe 
size becomes less than the net hole size, the probes are 
able to diffuse through the holes and, thus, encounter a 
local viscosity that approaches that of the solvent, DMF. 
As the rod concentration increases, the mesh size decreases 
so q, again approaches q.  The situation where q, >> q is 
often indicative of aggregation or polymer adsorption onto 
the ~ p h e r e s . ' ~ J ~ - ~ ~  There is no indication of aggregation 
or polymer adsorption in our case. 

These ideas were tested by systematically varying the 
sphere size, rod length, and rod concentration. (q,lq was 
found to be independent of sphere concentration as is 
discussed below.) The results for CL1-5 are shown in 
Figure 1. The microviscosities were calculated from the 
sphere diffusion constants measured by DLS using eq 3. 
The errors shown in Figure 1 were calculated by a standard 
propagation of errors in the sphere diffusion constant and 
the solution viscosity. 

The composite liquids in Figure 1 are presented in order 
of decreasing R/L. Table I1 shows the range of values for 
R/E determined using both eqs 5 and 6. According to 
Langevin et al.,lS a mesh is only physically meaningful 

above c*. Figure l a  shows that q, = q at all concentrations 
for CL1. Figures lb-d show that at  the low rod concen- 
trations, q, = q. The large errors in the three points at  the 
lowest concentrations in Figure Id are due to the fact that 
the inverse Laplace transform program CONTIN had 
difficulty resolving the sphere and rod diffusion peaks 
because their relaxation times were so similar. For CL5, 
q, was as small as one-half of q at the low concentrations. 
The only difference between CL3 and CL5 is the sphere 
size. The main distinction between CL4 and CL5 is the 
rod molecular weight. It is important to note that 
viscosities of solutions of 60.4-nm silica spheres in DMF 
(no rods) were found to increase only 2.4% as the sphere 
concentration increased from 0 to 0.5 mass % , Near the 
concentrationc* marking the onset of semidilute dynamics, 
the deviation from q,/q = 1 is largest in Figure le, and 
then approaches q. This is qualitatively in accordance 
with eq 4, where the ratio R/[ must be sufficiently small 
in order to measure q, < q. This qualitative agreement 
with eq 4 suggests that above c* the rod solution can be 
treated as a net as far as the diffusion of the spheres is 
concerned. The sphere is sufficiently small so that it 
diffuses through holes in the net. Adding more polymer 
decreases the hole size. Thus, gaps in the net become too 
small to be probed by the spheres, and q, again approaches 
q. These results suggest that RIF is an important parameter 
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affecting the diffusion of the spheres in these liquids, 
especially near c*.  

Microviscosities this much (>>lo%) smaller than the 
solution viscosity have not previously been reported for 
nonaqueous solutions of spheres and coil or rod polymers, 
including those containing silica  sphere^.^^-^^ In these 
other experiments, the background polymer was either 
p o l y i ~ o b u t y l e n e ~ ~ ~ ~ ~  or poly(methy1 me tha~ry la t e )~~  in a 
nonaqueous solvent. In these studies, 3.3 < R/f < 45.6, 
where f was determined from the polymer translational 
diffusion constant using the Stokes-Einstein equation: f 
= kT/67rq&. Thus, it is possible in these silica sphere/ 
coil polymer solutions that R/f  was too large at  all 
concentrations studied above the polymer overlap point 
to measure results similar to ours. 

Behavior where q,Jq << 1 has, however, been observed 
before by other investigators studying aqueous solutions 
of polystyrene spheres in a variety of polymers.17,22-26-32 
The results of these studies do not follow the predictions 
of Langevin et a1.18 For example, Phillies31 found that 
increasing the polymer concentration or the probe radius 
(up to 1-3 pm) usually resulted in a larger difference 
between the microviscosity and the solution viscosity. He 
also reported microviscosities up to a factor of 8 times 
smaller than the solution viscosity at  large polymer 
molecular weights in some aqueous polystyrene sphere/ 
polymer systems.32 In a study of polystyrene spheres in 
(hydroxypropyl)cellulose, Y ang and Jamieson30 observed 
q,/q to decrease with increasing polymer concentration. 
They also found these deviations to increase with de- 
creasing probe size and increasing molecular weight. 

Like Phillies31 and Yang et al.,30 we found deviations 
from q,/q = 1 at the highest polymer concentrations for 
all composite liquids but CLl. As shown in Figure 1, the 
microviscosities are about 20-3076 lower than q in each 
case. It is also interesting to note that the higher 
concentration deviations begin at about 8 mg/mL PBLG 
regardless of the sphere size or rod molecular weight 
(compare Table I1 and Figures lb-e). This point will be 
discussed in more detail in the next section. 

Although no satisfactory theory exists to explain the 
results at  the higher concentrations, q, << q has now been 
observed in nonaqueous solutions of rodlike polymers in 
addition to aqueous solutions of semiflexible and coil 
polymers. Possible explanations include coupling between 
the roil and sphere motions a t  the higher concen- 
t r a t i o n ~ . ~ ~ - ~ ~  Cantor33 found q ,  to be up to 35% less than 
q for polystyrene coil probes in a poly(n-hexyl isocyanate) 
rod polymer solution. Since the deviations were greatest 
at the highest concentrations, Cantor suggested that 
cooperative motions between the coils and the rods may 
perturb the diffusion of the probe, resulting in q, < q. 

An alternative view is that the behavior at high rod 
concentrations is due to a transition in the solution 
structure brought on by the complex interactions between 
the composite solution components. The idea here is that 
the transitions discussed below create inhomogeneities in 
the microstructure that could result in spheres diffusing 
through local environments that are different from the 
average solution environment. These inhomogeneities 
may arise mainly from sphere-rod interactions which are 
responsible for polymer-induced phase separation in 
colloidal  suspension^.^^-^^ Or they may be due primarily 
to rod-rod interactions, which have been found to cause 
both a prenematic transition in PBLG/DMF solutions3 
and inhomogeneities in pulp fiber suspensions.3s These 
phenomena are discussed as possible explanations for our 
data in the following. 

It has been proposed by Gast et a1.34-36 that phase 
separation into colloid-rich and colloid-poor phases stems 
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Figure 2. Schematic phase diagram for colloid-polymer solu- 
tions. 4, is the polymer volume fraction in the solution. 4s is 
the colloidal sphere volume fraction. The curved phase boundary 
is a fluid-fluid boundary. Fluid A is a single-phase polymer/ 
sphere solution. Fluids B consist of two fluid phases that differ 
in sphere concentration. The horizontal line intersecting the 
fluid-fluid boundary marks the sphere order-disorder transition. 
For hard spheres this occurs at & = 0.497. This figure is based 
on the theory of Gast, Russel, and Hall.34 
from an attraction between the particles that results from 
purely repulsive interactions between the colloid particles 
and the neighboring polymer molecules. The depletion 
of polymer in the region between two neighboring particles 
creates a region of lower osmotic pressure compared to 
the bulk solution, resulting in a net attraction between 
the particles.34 A schematic of the phase diagram for a 
hard sphere/coil polymer system is shown in Figure 2. No 
equivalent diagram was calculated for sphere/rod systems. 
At high volume fractions of particles a fluid-solid transition 
occurs at  all polymer concentrations. This is the colloidal 
sphere order-disorder transition that occurs for hard 
spheres at  a volume fraction (&) of 0.497. At  this point, 
the ordered (solid) phase has dS = 0.551. Composite liquids 
1-5 are very far from this phase boundary. Gast et aL3' 
note that as the polymer and particle sizes become 
comparable ( R h ,  - l), a fluid-fluid transition emerges as 
shown in Figure 2 (the curved phase boundary). This 
boundary is present in soft sphere/coil systems as ~ e 1 1 . ~ ~ , ~ ~  
As the boundary is crossed from the region labeled Fluid 
A to the Fluids B region, a homogeneous polymer/sphere 
solution separates into two liquid phases differing in the 
sphere concentration. As Rlr, increases, the transition 
moves to lower polymer concentration. For the composite 
liquids containing the 60.4-nm radius spheres 1.2 < R/r,  
< 3.0 and for those with the 39.4-nm spheres 0.8 < R/r ,  
< 1.0. This transition has been found to occur at  very low 
sphere and polymer concentrations-well within the 
concentration ranges of the five composite liquids studied 
here.34*39 A clear solution turning cloudy is usually 
indicative of such a t r a n ~ i t i o n . ~ ~  This was not observed 
in our samples. However, the final post-transition solution 
microstructure is very likely dependent on how far the 
solution is initially from the phase boundary just as with 
polymer blends. 

Experiments were performed to investigate the depen- 
dence of the measured microviscosity on the sphere 
concentration. Composite liquids 3 and 5 were selected 
for this study because they had the largest deviations from 
qJq = 1 (Figure 1). Two rod concentrations from CL5,4.0 
and 10.0 mg/mL, and one from CL3, 10.1 mg/mL, were 
examined. For each of the three rod concentrations, the 
sphere concentration was varied as shown in Table 111. 
The number of spheres in a 0.03% solution of 39.4-nm 
silica is equal to the number in a 0.1 7% dispersion of 60.4- 
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Table 111 
Sphere Concentration Study Results 

composite rod concn sphere concn sphere concn 
liquid (mgimL) (mass r c )  (mgimL) qu lv  

5 4.0 0.03 0.28 0.62 
5 4.0 0.06 0.56 0.54 
5 4.0 0.1 0.94 0.51 

5 10.0 0.03 0.28 0.59 
5 10.0 0.06 0.56 0.63 
5 10.0 0.1 0.94 0.58 

3 10.1 0.03 0.28 0.80 
3 10.1 0.06 0.56 0.80 
3 10.1 0.1 0.94 0.81 

nm silica. Table I11 reveals that there is no significant 
dependence of v p / v  on the sphere concentration. This was 
previously shown to be the case for CL1.l It is possible 
the sphere concentration was not low enough here to cross 
the fluid-fluid phase boundary (Figure 2). 

More compelling evidence for a change in the silica 
sphere/PBLG/DMF solution structure a t  the higher 
polymer concentrations comes from the results of Kerekes 
et al.3s and from TILS experiments described in detail in 
the next section. At  high rod concentrations, rods are 
known to form ordered (liquid crystalline) regions." 
Kerekes et al.38 photographed aqueous solutions of mac- 
roscopic pulp fibers at  increasing rod concentrations, but 
below concentrations in which ordering occurs. These 
fibers were dispersed before the photographs were taken 
by mixing the solution with a vertical plunger. Their 
photographs show a uniform distribution of rods in the 
solution at  low concentrations, but as the concentration 
increases (if Lld > 50) solution nonuniformity increases. 
For our PBLG rods, L/d = 34,66, and 82 for molecular 
weights 102 OOO, 200 000, and 249 700, respectively. They 
observe flocs appearing in their solutions as the concen- 
tration increases in the regime 2 < nL3 < 120. (In our 
studies, nL3 5 158 as shown in Table 11.) The flocs in this 
concentration range were characterized as "loose", %n- 
connected", and "easily dispersed by hydrodynamic forc- 
es". Those forming a t  higher rod concentrations were 
"difficult to disperse". Our DLS results do not show 
evidence for a slow mode that may arise if there were PBLG 
flocs in solution. Perhaps in our solutions the flocs were 
so easily dispersed by thermal fluctuations in the solution 
that they did not persist for a long enough time to be 
detected by DLS. DeLong et  al.,3 however, observed up 
to four modes for PBLG (M = 277 OOO) in DMF including 
a very slow mode at concentrations higher than studied 
here. This mode is resolved from faster modes beginning 
at a concentration of about 20 mg/mL. Slow modes have 
also been observed in nondilute, aqueous solutions of 
rodlike DNA and remain une~plained.~W~ The results of 
Kerekes et offer evidence that rod solution micro- 
structure begins to become less uniform as the concen- 
tration increases in the range covered by our experiments 
even without spheres. At  the very least, the spheres serve 
to probe these changes as reflected in the DLS results. In 
addition, they may play a further role, perhaps even in 
promoting these solution inhomogeneities, suggested by 
TILS results presented in the next section. 

IV. Total Intensity Light Scattering Results and 
Discussion 

To investigate the static solution microstructure in more 
detail, TILS experiments were completedon the composite 
liquids. Data were taken for CL3 and CL4 using the same 
samples used in the DLS studies. All the data for each 
composite liquid were taken at  a constant laser power. 
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Figure 3. TILS data for CL3 at different rod concentrations. 
The lines are least squares linear fits to the data. (.) 1.0, (0) 2.7, 
(+) 3.98, (X) 4.61, (A) 6.02, (+) 8.36, (V) 10.11, and (0) 13.12 
mg/mL 249 700 g/mol rods. 
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Figure 4. TILS data for CL4 at different rod concentrations. 
The lines are least squares linear fits to the data. (m) 2.98, (0) 
3.46, (+) 4.25, (X) 5.06, (A) 6.0, (+) 6.98, (V) 8.0, (0) 10.5, (0 )  13.0 
mg/mL 200 OOO g/mol rods. 

KclRe was plotted against q2 for each rod concentration 
c (Figures 3 and 4). The sphere concentration is constant 
in each case. To eliminate any form factor effects, the 
intercepts from these plots were determined according to 
eq 7:3 

(7) 
Here K = 4~~n*(dn/dc)~/Xo4N,, where dnf dc is the specific 
refractive index increment. Re is the Ftayleigh ratio and 
is proportional to the measured scattered light intensity. 
R is the gas constant, d d d c  is an effective osmotic modulus 
at constant temperature and pressure, and F the correlation 
length. The osmotic modulus represents the resistance of 

KcIR, = (l/RT)(dddc)T,P(l + C2q2) 
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Figure 5. Variation in the scattered light intensity with rod 
concentration at  constant sphere concentration (0.1 7%). The rod 
molecular weight times the intercepta from Figure 3 (top) (CL3) 
and Figure 4 (bottom) (CL4) are plotted versus rod concentration 
normalized by n* (see text). Both data sets show a large change 
in the scattered light intensity around n/n* = 0.18. 

a solution to fluctuations in c~ncentration.~ The intercepts 
from Figures 3 and 4 were multiplied by the rod molecular 
weight and plotted against the rod concentration in Figure 
5. The rod number concentration n is normalized by n* 
= 16/rdL2, a theoretical nematic transition point that is 
not the same as c*. The data were plotted this way so as 
to be easily compared to the TILS results of DeLong and 
R w o 3  (their Figure 1) for concentrated solutions of PBLG 
without spheres in DMF. Figure 5 shows a dramatic 
variation in the scattered light intensity near n/n* = 0.18 
or 8 mg/mL PBLG (nL3 = 101.3 for CL3 and 61.9 for CL4) 
for both molecular weighta. This point corresponds closely 
to the point where the high-concentration deviations from 
qc/q = 1 begin in Figures lc,d for the same samples. 

TILS experiments were also performed on the samples 
in Table 111, and the value (M/RT)(drldc) was plotted 
against the sphere concentration as shown in Figure 6. 
This plot shows that, at constant rod concentration, small 
variations in the sphere concentration (for example due 
to indeterminate variations during sample preparation) 
do not lead to the scattered intensity variations seen in 
Figure 5 near 8 mg/mL rods. A plot Of KCsphere/& versus 
the sphere concentration is given in Figure 7. Here, K is 
as in Figures 3 and 4. The positive slopes of these lines 
suggest a positive value for the thermodynamic second 
virialcoefficient A2 for the spheres. More data are needed 
to obtain a precise value for A2. 
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Figure 6. Variation in the scattered light intensity with sphere 
concentration at  a constant rod concentration. (B) CL5,4.0 mg/ 
mL rods; (0) CL5,lO.O mg/mL rods; (A) CL3,lO.l mg/mL rods. 
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Figure 7. fkaphere/& versus sphere concentration. (B) CL5,4.0 
mg/mL rods; (0) CL5,lO.O mg/mL rods; (A) CL3,lO.l mg/mL 
rods. The lines are linear least squares fits to the data. The 
slopes of the lines are 2.05 X 10-4,2.29 X 10-4, and 4.56 X 10-5 cm3 
mol/g2, respectively. 

Sphere Concentration (mg/ml) 

DeLong and Russo3 report an increase followed by a 
decrease in the osmotic modulus (y axis of Figure 5) at 
nln* = 1.5 for PBLG of M = 277 OOO. They attribute this 
to the coupling of orientation and concentration fluctu- 
ations as the nematic transition is approached. This 
transition does not appear to be precisely correlated with 
the appearance of the slowest mode in their DLS results. 
DeLong and RUSS03 found that the slow mode became 
prominent at n/n* = 0.7, whereas the transition occurred 
at  nln* = 1.5. They further point out that this prenematic 
transition is evident a t  concentrations lower than required 
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for the formation of an equilibrium nematic phase. This 
occurs at -17.5 mass ’?6 (n/n* 4) for PBLG of their 
molecular weight. Also, when examined under crossed 
polarizers, even their most concentrated sample did not 
show any sign of an ordered phase. Thus, they observed 
evidence for structural change in the rod solution even 
before nematic phase separation occurs. This may be 
related to the nonuniformities observed by Kerekes et 
aL38 

In Figure 5, a similar increase and decrease in the osmotic 
modulus is observed at  n/n* = 0.18 for both molecular 
weights. The upturn at  the highest rod concentration is 
likely a reflection of rod crowding which inhibits concen- 
tration fluctuations and thus reduces the scattered light 
intensity. The qualitative similarity of Figure 5 to the 
results of DeLong and Russo3 (their Figure 1) suggests 
that the peak in Figure 5 may be the same transition they 
observe but shifted to lower rod concentrations because 
of the presence of the spheres. The results of DeLong and 
Russo3 combined with those here suggest the rod solution 
structure undergoes significant change even before the 
nematic phase transition. The spheres appear to trigger 
these changes at even lower rod concentrations. Finally, 
though it seems unlikely that polymer-induced phase 
separation is being observed in our samples, the solution 
structure changes below the nematic transition point 
suggested by DeLong and Russoaand the results of Kerekes 
et al.38 offer a possible explanation for our TILS and DLS 
results at the highest rod concentrations studied. 

V. Conclusion 
We have performed DLS and TILS experiments on a 

new composite liquid containing rod and spherical mac- 
romolecules in the solvent DMF. DLS measurements 
indicate that the local viscosity (7,J encountered by the 
spheres was as small as one-half of the solution viscosity 
(7). To our knowledge, tY << 7 has not been previously 
observed for sphere diffusion in nonaqueous solutions of 
rigid rod polymers; however, it has been seen in aqueous 
solutions of coil or semiflexible  polymer^.'^,^^-^^-^* Our 
data suggest that the picture of Langevin et al.l8 in which 
the polymer solution is viewed as a “netn with holes rather 
than as a continuum qualitatively explains the microvis- 
cosity behavior around c*. Currently though, there are 
no theories or computer simulations that predict the results 
at  all polymer concentrations. The combination of DLS 
and TILS indicates that vu << 7 and enhanced scattering 
at higher rod concentrations may reflect the onset of 
changes in the rod solution microstructure even before 
the nematic transition. Recent experimental e ~ i d e n c e ~ , ~ ~  
for microstructural changes in solutions of rods in a solvent 
supports this idea. Clearly, more experiments on well- 
defined composite liquids like this one are needed to fully 
understand the complex dynamics and microstructure in 
these solutions. 
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