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ABSTRACT The structural order in the isotropic phase of charged rodlike TMV solutions (length L = 300 
nm) has been investigated by static light scattering (SLS) and small-angle neutron scattering (SANS) 
experiments. We present measurements of the static structure factor S(q) as a function of the ionic strength 
over the concentration regimes c < c* and c > c* (c* = 1 particle/13). SANS results in the semidilute regime 
c > c* show that strong interparticle correlations are present even at concentrations as high as 25c*, in 
contrast to results for hard-rod systems. The magnitudes of the correlations depend on both the macroion 
concentration and the Debye screening length K-1. As expected the position of the first maximum of S(q) 
is found to scale with concentration as qmm - c1/3 below the overlap concentration c* but surprisingly to turn 
over to a c1l2 behavior above c*. With increasing salt, at constant macroion concentration a decrease in 
structure is observed and the first-maximum position q- is shifted to larger scattering vectors. In the 
absence of any adequate theory we compare our results to SLS measurements and HNC calculations of a 
spherical particle system. The influence of added salt on TMV solutions is examined by Monte Carlo simulations 
at c < c*. 

1. Introduction 
Aqueous solutions of charged colloidal particles exhibit 

a number of order phenomena studied experimentally and 
theoretically. Due to the long-range Coulombic interaction 
of the macromolecules which results from negatively 
charged surface groups and the screening ions, a short- 
range or liquidlike order is ~bserved,l-~ equivalent to the 
nearest-neighbor order of simple liquids. 

In solutions of polystyrene spheres the influence of the 
ionic strength and the colloid particle concentration on 
the liquidlike order is the subject of detailed experimental 
investigations.4+ An adequate intermolecular pair po- 
tential is evaluated and provides an excellent agreement 
of experimental and theoretical static structure factors 
from which the radial pair distribution function can be 
calculated. With increasing particle concentration solu- 
tions of monodisperse spherical particles are known to 
crystallize into bcc or fcc lattices with intersphere spacings 
of many times the particle Much more 
complicated is the phase diagram of anisotropic particle 
systems. At  a critical concentration, as first explained by 
Onsager? rods interacting with a hard-core potential 
separate into an isotropic and an anisotropic nematic phase 
coexisting in equilibrium. The latter phase is characterized 
by a long-range orientational order and a liquidlike 
positional order of the rodlike macromolecules. In the 
case of rodlike polyelectrolytes, such as TMV or fd virus, 
additionally the effect of the electrostatic interaction has 
to be taken into account. The isotropic-nematic phase 
transition of TMV solutions depends on both the particle 
concentration and the ionic strength. With increasing ionic 
strength the concentrations of the coexisting isotropic and 
nematic phase increase, which can be interpreted in terms 
of an effective diameter and a twisting parameter.g12 For 
the investigations of the liquidlike structure in the sem- 
idilute regime the concentration of the coexisting isotropic 
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phase gives the starting concentration of the dilution series 
to be examined. 

Substantial experimental and theoretical investigations 
of flexible linear polyelectrolytes, such as NaPSS, reveal 
a single broad peak in the scattered intensity in salt-free 
 solution^.^^-^^ As the single ion conformation depends on 
the macroion and salt concentration, the particle form 
factor is unknown and consequently the static structure 
factor cannot be derived. Nevertheless, SANS (small- 
angle neutron scattering), SAXS (small-angle X-ray scat- 
tering), and SLS (static light scattering) measurementa 
demonstrate that in the concentration regime where 
different chains overlap the intensity peak positions shift 
as ~112. Later, SAXS13 and SLS16 provided additional 
information from which a critical concentration was 
derived below which the usual c1l3 behavior of peak position 
occurs. A quantitative theory explaining the structural 
properties of flexible polyelectrolytes is still lacking. 
Because of the difficulties with linear polyelectrolytes we 
started experimental investigations on rodlike macromol- 
ecules in aqueous solutions by static and dynamic light 
scattering, which should serve as a link between spherical 
and linear flexible polyelectrolytes. 

The first systems investigated by SLS were isotropic 
solutions of TMV and fd particles.1e18 TMV solutions 
can be monitored below c* = 1 particle/13 only, whereas 
fd solutions, because of the bigger length of the phages (L 
= 880 nm), can be investigated mainly above c*. As a 
result the concentration regime can be divided into two 
parts by the overlap concentration c*. Well below c* the 
particles may approximately be considered as interacting 
charged spheres. Consequently, the static structure factor 
is expected and is found to be liquidlike; the position q- 
of ita maximum scales with concentration as q- - 
In contrast, above c* a c1/2 dependence is found. It is 
claimed that this behavior is a general feature of rodlike 
particle systems caused by the anisotropic particle ge- 
ometry. Apart from a few experimental points below c* 
for the fd solutions, this is proven for the two different 
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macromolecules below and above the critical concentra- 
tion, respectively. 

To test the different scaling of qmm, in this paper the 
rodlike TMV particle is studied in the concentration regime 
O.O5c* I c 5 26.5c* (c* = 2.45 mg/mL) by SLS and SANS 
techniques. 

As shown theoretically for spherical particle systems 
the first maximum position of the static structure factor 
is shifted to larger scattering vectors as a function of the 
ionic strength.lg Up to now, even for spherical particle 
systems, detailed experimental studies on the screening 
ion's influence on the structural order are missing. 
Difficulties arise in adding exact salt concentrations as 
the formation of the liquidlike order in the very diluted 
regime requires very low ionic strength solutions (=lo+ 
M). A new closed-tube circuit technique is presented 
which allows detailed SLS and in the future also SANS 
measurements of the static structure factor of macropar- 
ticle solutions as a function of the electric conductivity. 
In a first-order approximation the screening ion concen- 
tration, which is related to the Debye screening length K - ~ ,  

is derived therefrom. Moreover the first-maximum po- 
sitions as a function of the salt concentration are important 
to interpret the SANS data. 

2. Theoretical Section 
2.1. Static Light Scattering, In a SLS experiment 

the averaged scattered intensity of a system of N mon- 
odisperse interacting particles is described by the Ray- 
leigh-Gans-Debye approximation as 

I(q)  = NVib2P(q)  S(q) (1) 
where V,  is the particle volume and b is proportional to 
the refractive index difference between the colloidal 
particles and the solvent. The particle form factor P(q) 
is due to the intraparticle interferences, and the static 
structure factor contains information about the structural 
ordering of the particles. 

The virus particles are modeled as rigid rods of length 
L and vanishing diameter. The positions of the scattering 
centers are fixed along the particle orientation vector iii. 
For an isotropic solution the particle form factor P(q)  is 
calculated as20 

The static structure factor depends on both the positions 
of centers of gravity Ri and Rj and the mutual orientation 
of two rodsz1 

with 

sin (4 i i iL /2 )  
f i  = 4GiL/2 ( 4 )  

whereP(q) can also be written as P(q) = ( f i2 ) .  In contrast 
to spherical particle systems, so far a proper evaluation of 
the static structure factor by means of integral equation 
theory is not available if the particles strongly interact. 
For weakly interacting systems an expression for S(q) is 
obtained which is an increasing function of q only.22 The 
static structure factor of eq 3 is related to the pair 
distribution function g(i,ii&), i.e., the probability of 
finding a particle with orientation 82 at a distance i from 

a particle at i = 0 with orientation 01, by2' 

where c = N/V and 

jo(QiiL/2) = sin ( x ) / x  ( 6 )  
As shown by eq 5 it is not possible to deduce unequivocally 
the pair distribution function from the experimental static 
structure factor. In the case of interacting spheres a 
position of qm- can be associated with a mean distance 
rmm of nearest neighbors. 

Regarding our concentration range O.O5c* I c I 26c*, 
a useful approximation is possible in the regime c << c* 
where the mean interparticle distance is much larger than 
the rod length. Consequently the interaction potential is 
independent of the particle orientation so that any 
correlations between the orientation distribution of the 
particles i and j and their distances (Ri - Rj) can be 
neglected, and therefore there is no correlation between 
fi(4,iii) and fj(4,iij).  Thus 

Here 

is the static structure factor of the centers of gravity of the 
particles. Of course for spherical particles ( t i 2 )  = (ti)' 
and therefore SCG = S(q). 

In an isotropic solution of rodlike particles the static 
structure factor in this approximation is expected to be 
less pronounced, compared to spherical particle systems, 
if the particle orientation becomes important to the in- 
terparticle pair potential. Since ( f i 2 )  I ( f i ) 2 ,  these 
deviations in the S(q) behavior increase if the main peak 
position, with increasing concentration, is shifted to large 
q values. A more detailed study concerning the particle 
anisotropy influence is given in our recent publication on 
fd solutions.18 

2.2. Small-Angle Neutron Scattering. In the SANS 
experiment the coherent scattering rate I (q)  is obtained 
after the usual correction for the background scattering 
and the incoherent scattering as 

(10) 

N is the particle density and the coherent differential cross 
section per particle is given by 

with 

(12) 
where pp and p s  are the scattering length densities of the 
particle and the solvent. 

To derive expressions for the particle form factor P(q) 
and the static structure factor S(q), the rodlike virus has 
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rods are divided into charged spherical segments. On the 
basis of the so-called one-component macroion fluid model 
(OCM), the interaction between two rods with the ori- 
entations iii and iij and a center of gravity distance R is 
given by the repulsive screened Coulombic potential R, 

f- 

t 

Figure 1. Scattering geometry of the SANS experiments: Ri = 
inner radius, R. = outer radius, 5 = direction of the cylinder axis, 
4 = scattering vector at the two-dimensional detector area. 

to be modeled according to the characteristic length of a 
SANS experiment. The TMV particle is known to be a 
hollow cylinder of length L = 300 nm with an inner radius 
Ri = 2 nm and an outer radius R a  = 9 nm.23*24 For a 
homogeneous rod the particle form factor is calculated as 

P(q)  = (V(P,ii)12) (13) 

where Q is the scattering vector at the detector area, ii is 
the direction of the cylinder axis as shown in Figure 1, and 
f (Q, i i>  is the form amplitude. In the isotropic phase the 
particle form factor is numerically calculated by the 
average over the isotropic orientation distribution of the 
cylinder axes 

P(q)  = JoldP V(sr)12 (16) 

with p = cos 6 where 0 is the angle between the orientation 
vector ii and the scattering vector 4. As no optical bire- 
fringence is found in the concentration regime covered by 
our SANS experiments, long-range orientational ordering 
can be excluded. An expression for the static structure 
factor S(q) is then derived from eq 11 using eq 16 for the 
form factor. But a recent study of the magnetic field 
induced birefringence in the isotropic phase shows that 
there are local angular correlations between the rods which 
depend on the particle and salt concentration.12 This 
behavior is confirmed by our MC simulation results on fd 
particle solutions.ls 
2.3. Monte Carlo Simulations. Monte Carlo (MC) 

simulations for solutions of charged stiff rods have been 
performed applying the usual Metropolis algorithm. The 

(17) 

with the repulsive part of the well-known DLVO potential 

Q is the total charge per rod, n the number of segments, 
a the hard-core radius of the segments, and rij the distance 
between segment i on rod 1 and segment j on rod 2. 

The inverse Debye screening length K - ~  can be calculated 
from the counterion plus the added salt concentration 

Here eo is the elementary charge, e the dielectric constant 
of water, kg the Boltzmann constant, and T the temper- 
ature. The different number concentrations of the small 
ions are denoted by ni and their charge by Zi = *1 for the 
case of monovalent ions. The ionic strength of the solution 
is defined as 

The MC simulations are restricted in this study to the 
concentration regime c 5 4c*. A more detailed description 
of the underlying model is given in a previous paper.= 

To fit the experimental data by the MC resulk, the 
added salt concentration ndt has to be inserted. The actual 
concentration ndt is estimated from electric conductivity 
measurements. Assuming all ions to move independently 
at low ionic strength M) the conductivity “total is 
given by 

(21) 
The mobilities PNa and are taken from literature. The 
last term uparticle of eq 21, representing the macroion and 
their counterion contribution to the conductivity, may be 
approximated as the measured conductivity of the cor- 
respondent zero salt solution; ndt  is then deduced from 

“total = ndteO(pNa + %I) + “particle 

“total- “particle 

eO(pNa + pC1) 
ndt = 

The conductivity due to the concentration of OH- ions 
can be calculated from the dissociation product of water 
and is found to be negligible. 

3. Experimental Section 
3.1. Sample Preparation. All the samples in th is  study were 

kindly supplied by Prof. C. Wetter (UniversitAt Saarbriicken, 
FRG). The various Concentrations used for SLS were obtained 
by diluting the stock solution of TMV particles (c = 53 mg/mL, 
length, L = 300 nm; diameter, d = 18 nm; MW = 4.0 X 107) with 
highly deionized water (18 MQ-cm). These samples were fiitered 
several times through a 0.45-pm Millipore filter and stored over 
mixed-bed ion-exchange resin MB3 (Serva, FRG). To eliminate 
dust and other large particles, the samples were centrifuged at 
lo00 rpm between 20 and 120 min before further use. The actual 
concentrations of the samples were determined by their UV 
absorption at X = 260 nm with an absorption coefficient of 3.06 
(1 mg/(mL.cm)), using a Beckmann spectrometer (DU-64, FRG). 
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Table I 
Overview of Samples Used in the Neutron Scattering 

Investigations 
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i I 1  
sample added salt concn particle concn, C/C* (c* = 

TMV/H20 concn (mg/mL) (Xl0l4/mL) 2.45 mg/mL) 

9 

10 
11 
12 
13 

2 mM 
Tris-HC1 

It 

I I  

II 

8 mM 
Tris-HC1 

I f  

/ I  

I I  

6 mM 
Tris-HC1 

Series 1 
26.7 
21.8 
14.3 
13.1 

Series 2 
31.0 

28.6 
22.9 
12.1 

Series 3 
65.0 

57.5 
44.6 
28.7 
11.2 

4.00 
3.29 
2.16 
1.97 

4.50 

4.32 
3.45 
1.83 

9.81 

4.32 
6.92 
4.33 
1.69 

10.89 
8.9 
5.84 
5.34 

12.15 

11.67 
9.34 
4.94 

26.53 

11.67 
18.70 
11.71 
4.57 

For the SANS experiments three series of TMV concentrations 
at different ionic strengths given in Table I were prepared. 
Sample no. 13 of c = 11.2 mg/mL and an ionic strength of 6 mM 
Tris-HC1 was used for the form-factor measurement. To keep 
the particle charge at its maximum value, two samples were 
prepared at pH = 8 by a dialyzing procedure using a Tris-HC1 
buffer solution of 2 and 8 mM. Both samples separate into an 
isotropic and a nematic liquid-crystalline phase. The concen- 
trations were measured as chhpic = 35.2 mg/mL and C n e m ~ c  = 
46.5 mg/mL for the 2 mM solution and cbhpic = 65 mg/mL and 
enemtic = 82.8 mg/mL for the 8 mM solution. The coexistence 
concentrations are close to the previously determined values for 
well-characterized monodisperse samples.12 From the isotropic 
part of each sample a stock solution is extracted to obtain the 
four diluted concentrations of series 2 and 3, respectively. In 
this way any long-range orientational correlation of the inves- 
tigated samples can be excluded. The samples of series 1 were 
obtained in an analogous way but without dialyzing and using 
highly deionized water instead of buffer solution. The mono- 
dispersity of all samples was checked by an analytical centrifuge 
and magnetic field induced birefringence measurements a t  the 
Max-Planck-Institut fiu FestkGrperphysik, Hochfeld-Magnet- 
labor, Grenoble, France. The results are in good agreement with 
the data recently published by Fraden et al.12 
3.2. Light Scattering. For the measurements a light 

scattering apparatus (ALV, FRG) was used consisting of a 
computer-controlled goniometer table with focusing and detector 
optics and a power-stabilized 3-W argon ion laser (Spectra 
Physics), a digital ratemeter, and a temperature control which 
stabilized the temperature of the sample cell a t  T = 21 f 1 OC. 
Measurements and data acquisition were controlled by a personal 
computer. Intensity data were corrected by the dark rate of the 
photomultiplier and by the angle dependence of the scattering 
volume. The magnitude of the scattering vector 

4un e 
q z - 2  s i n s  

ranges from 0.3 X 10-2 to 3.3 X 10-2 nm-l, a t  the laser wavelength 
X = 488 nm in aqueous solutions with a refractive index n, = 1.33. 
The beam fvst passed an index match fluid (silicon oil) and then 
entered the scattering cell, where i t  is focused into the scattering 
volume. For the scattering cells, we used quartz tubes of 10-mm 
outer diameter. 

To control the ionic strength of the sample, the scattering cell 
was installed in a closed-tube circuit (Figure 2) using a modified 
technique of Palberg and HiirtLs The centrifuged samples were 
transferred into the sample reservoir. Further elements of the 
circuit are a conductivity cell, a pH electrode placed in the sample 
reservoir, a tube pump, and a column of ion-exchange resin. To 

P JL TP 

RESIN 
I 

sc 
L P I I l l  

I I U U  

Figure 2. Closed-tube circuit is installed into the SLS apparatus: 
TP = tube pump, RESIN = ion-exchange resin, F = filter (5 pm), 
SC = scattering cell, CC = conductivity cell, pH = pH meter, R 
= sample reservoir. The SLS apparatus consists of the following: 
Argon-Laser, M = mirror, L = lens cf = 60 mm), P = pinhole, 
PM = photomultiplier, PA = preamplifier, RM = ratemeter. 

keep the scattering cell clean of resin particles, a 5-pm filter is 
fixed at the end of the column. The ionic strength is increased 
by adding salt and decreased by pumping the solution through 
the column. 

All measurements were normalized to a reference sample 
(toluene) in the total q region to correct laser power fluctuations 
and to get a standard of the incident light intensity. 

3.3. Small-Angle Neutron Scattering. Experiments were 
carried out on the neutron small-angle diffraction instrument 
D11 at  the Institut Laue-Langevin in Grenoble with neutrons of 
wavelength X = 7 A. The scattered intensity was recorded with 
a two-dimensional multidetector of 64 X 64 cells of 1-cm2 area. 
Five sample-detector distances were used: 2.5, 5, 10, 20, and 
35.3 m, all with a constant collimation distance of 10 m. The 
samples were thermostated at a temperature of 21 OC. 

Following the documented normalization procedure of GhoehIn 
each data set consisting of the Z(q) files a t  the five detector 
distances is then reduced to obtain the coherent intensity 
scattered by the TMV particles (eq 10). After treating the set 
of five files in this manner they were fitted together to correct 
for any differences in intensities due to the different sample to 
detector distances. 

4. Results and Discussion 
4.1. SANS. Ailsamples investigated by  SANS aregiven 

in Table I. Typical scattered intensity curves as a function 
of the concentration are shown in Figure 3 as a function 
of q in the case of series 1, the lowest ionic strength 
examined. The pronounced maxima of the scattered 
intensities give evidence for strong interparticle correla- 
tions. The positions of the maxima are shifted with 
increasing particle concentration to larger q values. In 
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c 

3 

0 0.05 0.1 0.15 0.2 0.26 0.3 0.36 I 

q w-1 
Figure 3. Scattered intensities by SANS of the TMV samples 
of series 1 as given in Table I. With increasing concentration a 
pronounced intensity maximum is found. 
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Figure 4. Calculated TMV form factor (-) of an isotropic 
solution given by eq 16 compared to the experimental form factor 
of sample 13 as measured by SANS. 

the following sections the static structure factors are 
derived from the scattered intensities of all samples. 

Absence of birefringence assurea that the solutions form 
an isotropic phase, and therefore the orientation distri- 
bution of the rods is isotropic on a macroscopic scale. 
Measurements of the magnetic field induced birefringence 
at  the Hochfeld-Magnetlabor, MPI fiir Festk6rperfor- 
schung, Grenoble, indicate local angular correlations 
between the TMV rods in agreement with the results 
recently published by Fraden et d.12 As the scattering 
experiments measure an isotropic average of the angular 
correlations, the theoretical form factor of eq 16 may be 
used to fit the experimental data in the high q region where 
the static structure factor equals 1. Figure 4 shows the 
form-factor measurement given by the scattered intensity 
of sample 13 which is prepared with low particle concen- 
tration and high ionic strength to exclude particle inter- 
actions due to Coulombic repulsion. The experimental 
result is in good agreement with the theoretical form factor 
of isotropically oriented hollow rods calculated with the 
rod parameters L = 300 nm, Ri = 2 nm, and R, = 8 nm. 

- 0.0 
ti 
e 

0.5 
21.6 mg/ml 

0.0 

26.7 mg/ml 0.5 

0.0 

0.5 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 I 
9 [l/nmI 

1 

Figure 5. Static structure factor of the TMV samples of series 
1 obtained by SANS. 

The deviation in the low q region is assumed to be caused 
by steric interaction of the particles. 
All scattering intensities are normalized by concentra- 

tion and by the scattering amplitude dao/dQ. To derive 
the static structure factors, a decoupling between angular 
and spatial correlations is assumed. S(q) is then given by 
eq 11 inserting the experimental form factor. Three series 
of different ionic strengths as defined in Table I were 
chosen to measure the S(q) over the adequate concen- 
tration regime of the isotropic phase. 

The ionic strength of series 1 is given by the H30+ 
concentration which is not exactly known. As the degree 
of dissociation of the particles' acid surface groups depends 
on the pH value of the solution, an increase of the particle 
concentration leads to a decrease of the particle charge 
number. Only if the pH value is buffered in the range of 
pH 7-8 will the charge number take its maximum value 
of 1-2 elementary charges per protein subunit."*% There- 
fore, in any case, the small ion concentration of each sample 
of series 1 is smaller than 1 mM. As a function of the 
particle concentration, Figure 5 shows the static structure 
factors. With increasing particle concentration the in- 
teraction becomes stronger and a characteristic liquidlike 
structure is formed. Particularly pronounced at c = 26.7 
mg/mL, a first maximum with a peak height of about 1.56 
is followed by a second maximum. In the low q region the 
scattered intensity strongly decreases due to the decrease 
of the osmotic compressibility, whereas at large q values 
S(q) equals 1. 

Series 2 and 3 were prepared with added salt concen- 
trations of 2 and 8 mM Tris-HC1 buffer at  pH = 8.0. The 
actual small ion concentration screening the macroion 
charge is given by the added salt and the H 3 0 +  counterion 
concentration. Figure 6 illustrates the corresponding static 
structure factors of series 3. The samples of series 2 (see 
Table 11) give similiar results. Due to the larger screening 
the peak heights take only values of about 1.15, Le., the 
liquidlike structure is much less pronounced compared to 
series 1. In Tables I1 and I11 discussed below, we compare 
the Debye screening length K - ~  of the different samples 
with the experimental "probe distance" dprobe = 2u/q,,. 
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Figure 6. Static structure factor of the TMV samples of series 
3 obtained by SANS. Even at the concentration of 65 mg/mL 
= 26.5c/c* a liquidlike structure is found. 

Table I1 
Properties of Samples Used in the Neutron Scattering 

Investigations 
sample concnof q, r- = 

(ma/mL) (mM) nm) S(q& (nm) (nm) rrmJ~-l 
TMV/H20 small ions (WOO 2T/q- K - l  

Series 1 
l(26.7) I 1  8.79 1.56 71.5 213.84 55.17 
2 (21.8) I 1  8.30 1.16 75.7 213.84 55.17 
3 (14.3) 1 1  6.80 1.10 92.4 213.84 15.17 
4 (13.1) I 1  213.84 

Series 2 
5 (31.0) 4.75 11.7 1.15 53.7 6.34 8.47 
6(28.6) 4.72 11.4 1.12 55.1 6.36 8.66 
7 (22.9) 4.57 10.3 1.07 61.0 6.46 9.40 
8 (12.1) 4.30 6.66 

Series 3 
g(65.0) 17.63 15.9 1.18 39.8 3.29 12.09 

10(57.5) 17.44 15.3 1.09 41.0 3.31 12.38 
11 (44.6) 17.15 14.8 1.08 42.4 3.33 12.73 
12 (28.7) 16.72 3.38 
13 (11.2) 12.28 3.94 

Table 111 
Properties of the Sample Used in the Light Scattering 

Investigations for the Determination of the Ionic Strength 
Dependence of the Static Structure Factor 

%at&l u t  q- r,=2s/q,  K - ~  

( rS)  (M) S(s,) (l/nm) (nm) (nm) rmLJK-l 

1.62 0.0 2.16 0.0189 
2.51 6.48 X lo4 1.87 0.0194 
3.3 1.27 X 1D-6 1.60 0.0197 
4.4 2.14 X 1.35 0.0205 
5.5 3.01 X lO-5 1.26 0.0209 
6.9 4.11 X 10-6 1.14 0.0220 
9.95 6.53 X 10-5 1.06 0.0246 

13.7 1.00 x 10-5 

332.4 127.6 2.61 
323.8 86.7 3.73 
318.9 70.8 4.50 
306.5 58.2 5.26 
300.6 50.7 5.93 
285.6 44.3 6.44 
255 36 7.09 

27.1 

For the buffered samples K - ~  is calculated assuming the 
particle charge to be fixed a t  1000e. It is well below the 
maximum value from literature of 1-2e per protein subunit, 
taking into account the effect of counterion condensation.29 
For the unbuffered samples this estimation may be 

series s.eri/ 2 ,,@ ( 

series 1 

c/c*) "2 

/c") 1'3 

Y' 
1 1  I 

0.01 0 .I 1 10 100 

Figure 7. Position q- of the maximum of S(q) as a function 
of the particle concentration for TMV (0)  and fd solutions (0). 
The TMV results are obtained by SLS for c < c* and by SANS 
(see Table I) for c > c*. All fd results arb  obtained by SLS.18 
Below c = c* the data are fitted by q- - (C/C+) ' /~  (see eq 23) 
and above c = c* by q, - (C/C*) ' /~  (see eq 24). 

considered as the upper possible value. A t  small mac- 
roparticle concentrations the ratio dpr0blK-l may serve as 
a measure of spatial particle-particle correlations, provided 
the particle charge is constant. The calculated values show 
that even a t  c >> c* the ratio dpr0dK-l is found to be minimal 
in the case of strongest liquidlike order. 

The SANS investigations extend the concentration 
range limited so far by SLS16 to c < c* into the semidilute 
regime c > c* and concentrated regime c >> c*. In Figure 
7 all available data with regard to the position of the 
maximum of S(q) are plotted versus relative concentration 
c/c* for 0.04 < c/c*  C 26.5. Additionally, the fd results are 
included. The experimental data are fitted by 

q , d  = 2?r1.09(~/~*)'/~ (23) 

qm& = 2~1.13(c/c*)'/~ (24) 
for c > c*. The qm= values of the TMV solutions are close 
to the straight line of Figure 7, which according to eq 24 
is appropriate to fit the fd data. The deviations from q- - c1l2 of eq 24 toward higher qmax values are associated 
with the fact that at fixed macroion concentration the 
position of the static structure factor maximum depends 
on the screening ion concentration. This behavior is 
theoretically and experimentally known for interacting 
spherical  particle^^*^>'^ and is discussed in detail in section 
4.2. Equation 23 is known from solutions of spherical 
particles. It can also be applied to rodlike macroparticles 
well below c* ,  where the latter approximately can be 
regarded as pointlike p~ ly ions . '~ .~~  The fit parameter 1.09 
is directly related to the number of nearest neighbors. 
Around and above c* the interaction between the mac- 
roparticles is affected by the anisotropic particle geometry. 
This is clearly shown by MC  simulation^.^^^^^ In this 
context the static structure factor is written as 

concentration (c/c*) 

for c < c* and 

(25) 

See eq 17 of ref 25. The first term, S(O00,q) arising from 
the center-to-center correlations, describes the measured 
static structure factor correctly at concentrations c << c*. 
Its maximum decreases strongly above c > 2c*. The cor- 
responding wavevector shifts below the overlap concen- 
tration exactly as qmax - d3. In contrast, the contribu- 
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tions to S(q) from the terms S(11121,q) with 11121 > 0, 
negligible at c << c*,  become more and more important 
with increasing concentration and are responsible for the 
turnover to the c1I2 scaling of qm=. Thus, 2dq- does 
not describe any longer a preferred distance between 
centers of gravity above c* but a somewhat larger value. 
The system of charged rods remains globally isotropic as 
required by the absence of birefringence. Regarding 
correlations of the nearest-neighbor rods, a tendency to 
parallel alignment is observed with a local ordering 
parameter S = 0.075 at  c = 2.29c*.18 The MC results have 
been compared to light scattering results from fd parti- 
c1es.l' Good agreement has been achieved up to c = 2.29c*. 

Summarizing, this means that there is no local ordering 
of rods up to this relative concentration, but the qmuvalue 
of the static structure factor already obeys the c1I2 de- 
pendence (Figure 5 of ref 18). Unfortunately, the SANS 
results refer to c 1 5c* where MC simulations could not 
be performed yet. However, the available results seem to 
indicate that the rods do not necessarily have to be parallel 
to each other, not even in small correlation volumes, to 
describe the c1I2 law of q m u  above c* and below the 
transition to the nematic phase, although we cannot 
exclude this possibility completely. Two idealized models 
predicting the scaling of q,, as c1I2 have been discussed 
in the l i t e r a t ~ r e . ~ ~ ~ ~ ~  The first is a cubic array of mutual 
perpendicular rods of great length to diameter ratio and 
the second the packing of long parallel rods on a hexagonal 
lattice. At  low concentrations of c = c*, where both the 
orientational entropy and electrostatic repulsion terms in 
the free energy expressions of a suspension of charged 
rods favor antiparallel alignment of rods, we expect the 
cubic array is the appropriate simple model of interpar- 
ticle structure. While at higher concentrations, closer to 
the isotropic to nematic phase transition where the packing 
entropy term dominates interparticle correlations, we 
expect the hexagonal packing of parallel rods to be the 
appropriate The models satisfy two conditions 
which we conjecture to be fulfilled at c >> c*. First, the 
separation between particles has to be much less than 
their length, so that the rods can be considered as infinitely 
long. Second, because the rods are charged they want to 
have surfaces which are separated as far apart as possible. 
Both models predict that qmu scales as c1I2 with 

qm.& = 27rB(c/c*)'/2 (26) 
with B = 0.58 for the cubic structure and B =  0.93 for the 
hexagonal case. Considering the gross oversimplifications 
of these models, the prefactors are close to the experimental 
value. 

4.2. Static Light Scattering. In order to explain the 
shift of the qmu data from the straight line in Figure 7, 
it would be necessary to have a quantitative relation 
between qm= and the salt concentration nsalt. As stated 
before such a theory is not available yet and also MC 
simulations cannot be used at  these high macroion 
concentrations. Therefore we shall confine ourselves here 
to the SLS concentration regime and then compare our 
results to the SANS regime. 

Previous investigations of the liquidlike phase of spher- 
ical or rodlike particles gave no quantitative correlation 
between the formation of the static structure factor and 
the ionic strength of the system. Using a new closed-tube 
circuit technique described in section 3.2, we present SLS 
measurements at  a fixed macroion concentration as a 
function of the ionic strength. This method allows the 
salt concentration to be reproducably varied at  small steps 
even at ionic strengths well below I = 10-3 M which cannot 

2.5 

0 
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 

q ( l /nm)  
Figure 8. Static structure factor obtained by SLS of a TMV 
sample of c = 0.53 c* as a function of the measured conductivity 
ut0t.l of the solution. uwd, which is controlled by the closed-tube 
circuit, is proportional to the salt concentration. The maximum 
of the S(q) increases with decreasing conductivity. The corre- 
sponding values of u~ and S(q& are given in Table 111. 

be achieved by the dializing procedure or by adding small 
amounts of salt. 

We choose a TMV sample of 1.29 mg/mL (0.53c*) to 
determine the static structure factor as a function of the 
electric conductivity of the solution. Again no optical bi- 
refringence is found, and S(q) is calculated by eq 1 (see 
Figure 8). At  the minimal conductivity, reached at ut,,d 
= 1.62 pS/cm, all NaCl ions are removed by the ion- 
exchange procedure. A liquidlike order is formed, and 
the peak height of S(q) takes a maximum value of about 
2.1. By adding salt the influence of the screening ions 
leads to a decrease of the peak height and to a shift of the 
first-maximum position q m u  to larger q values. Finally, 
at a measured conductivity of ubd = 13.7 pS/cm the first 
maximum vanishes. 

In colloidal suspensions this shift of q- due to the 
increasing ionic strength is a characteristic feature and is 
also found in spherical particle systems. In this case it is 
possible to give an interpretation in terms of the radial 
pair distribution functiong(r). In a solution of interacting 
latex spheres of radius a = 50 f 1 nm and a concentration 
c = 0.1 vol % the static structure factor is measured a~ a 
function of the salt concentration and is compared to 
calculations by the hypernetted chain approximation 
(HNC) which yields S(q) and g(r)  as well. Qualitively as 
shown in Figure 9 the effect on S(q) is the same as that 
observed in the system of interacting rodlike TMV 
particles. The radial pair distribution function g(r)  in 
Figure 10 calculated for each salt concentration shows that 
the distance of neighboring particles given by 

(27) 
at low ionic strength is affected in the following way. As 
the weakening of the Coulombic repulsion allows the 
particles to penetrate into previously excluded interpar- 
ticle space, the distance r,, decreases. In the fmt shell 
of neighboring particles a rearrangement takes place. For 
the zero salt solution the first-maximum position of g(r)  
takes a value of r m a  = 846 nm whereas at  a salt 
concentration of ndt = 1.1 X M a value of rm= = 645 
nm is found. In eq 27 this can be expressed by a salt- 
dependent coefficient nneighbor which is related to the 
number of nearest neighbors.6 Consequently the pair 
distribution function is changing toward a simple step 
function as is found in the case of pure hard-core 
interaction. This can be shown theoretically in the limit 
of n d t  - ~ 0 . ~ ~  

- -113 
rmax - nneighborC 
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Figure 9. Static structure factor obtained by SLS of a solution 
of monodisperse 50-nm latex spheres as a function of the salt 
concentration (NaCl). (-) Calculated S(q) by HNC approxi- 
mation. 
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Figure 10. Radial pair distribution function g(r )  calculated by 
the HNC approximation for the solution of latex spheres shown 
in Figure 9. With increasing ionic strength (0.0-11 X 10-8 M) the 
first maximum of g(r) decreases and is shifted to lower values of 
rla. 

For the MC simulations of the TMV samples the only 
fit parameter inserted is the particle charge of Q = 360e 
whereas the TMV concentration and the salt ion concen- 
tration ndt are taken from the experiments. Assuming 
all ions to move independently, the actual value of nsdt 
can be calculated from the measured conductivities u t 0 ~  
and uparticle according to eq 22. MC results and experiments 
as shown in Figure 11 are in good agreement, confirming 
the modeled interaction potential and the salt concen- 
tration n d t  derived in this way. No indication of local 
and global ordering of the rod axes is found, and the 
position qmax of the first maximum in S(q) is in agreement 
with the c1f3 law of eq 23.1sJa The deviations of qmax with 
increasing ndt have to be compared to the qmar positions 
in the SANS regime. Although we are at present not able 
to extend the Monte Carlo simulations to these high 
concentrations, it seems obvious that those measurements 
have to be interpreted in the same way. The too high 
values compared with the straight line in Figure 7 will 
very likely be reduced to the latter. 

The Monte Carlo results yield a quantitative correlation 
(Table 111) between the strength of liquidlike order as 
defined above and the ionic strength of the solution. The 
formation of the static structure factor is controlled only 
by the Debye screening length. As soon as ~ - 1  exceeds the 
value of 36 nm for the given concentration of c = 0.53c* 
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Figure 11. Static struccure factor obtained by SLS of the TMV 
sample shown in Figure 8 compared to the MC results (-). With 
increasing salt concentration S(p,,) decreases as given in Table 
111. 
the onset of the interparticle correlations is observed. The 
peak height is growing up to its maximum value of about 
2.1 as K - ~  is increased to 127 nm. This is the case of strongest 
overlap of the particles repulsive Coulombic potential. No 
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further increase of interparticle interaction is possible 
because all other ions but H30+ have been exchanged. 
Therefore no phase transition to a nematic or liquid- 
crystalline phase is possible. 

5. Conclusions 
In this work we have investigated the formation of in- 

terparticle correlations in a rodlike particle system as a 
function of the macroparticle concentration and the ionic 
strength of the solution. The static structure factor of 
TMV solutions in the isotropic phase is determined by 
SLS and SANS well below and above the overlap con- 
centration e*. The SANS results show that the liquidlike 
phase exists even at concentrations of about 25c*. 

Previous results from SLS experiments and MC sim- 
ulations indicate a crossover in the scaling behavior of the 
first-maximum position with concentration due to the 
influence of the particle’s anisotropy. This crossover has 
been shown to occur indeed for a single system, thus 
confirming the indicated behavior of the fd data. We 
conclude that this is characteristic for any system of 
charged rodlike particles. On the basis of the results from 
SLS measurements below e*, we associate the deviations 
of the SANS data for c >> c* from eq 26 to a change in 
potential due to the screening of small ions. By SLS and 
HNC investigations of the spherical particle system we 
show that this shift in qmar corresponds unequivocally to 
a shift in r- of g(r).  Transferred to the rodlike particle 
system this means that the TMV particles can now 
interpenetrate into previously excluded volume and a 
rearrangement of the first shell of nearest neighbors takes 
place. 
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