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ABSTRACT The scattered light intensity autocorrelation functions of dilute and semidilute solutions of 
sonicated calf thymus DNA fragments in the presence of 0.2 M NaCl were measured. In addition, the 
weight-average molecular weight and the second virial coefficient of this system were determined by low- 
angle laser light scattering (LALLS). The weight-average molecular weight was found to be (1.56 f 0.05) 
x lV, corresponding to a fragment size of 236 f 8 base pairs, and the second virial coefficient was (2.7 f 
0.2) X lO-' (mol L g*). The scattered light intensity correlation functions were analyzed by three different 
methods of data analysis: CONTIN, the method of cumulants, and a double-exponential fitting procedure. 
CONTIN gave evidence of the existence of a single relaxation process at low DNA concentrations and an additional 
slower process at DNA concentrations higher than -2 g L-l. The rates of the fast and slow processes were 
shown to vary linearly with the square of the length of the scattering vector q. The fast mode was interpreted 
as the translational diffusion process of the DNA fragments. The measured mutual diffusion coefficient was 
found to increase linearly with the DNA concentration. The infinitely dilute solution value of the mutual 
diffusion coefficient was determined by extrapolation and is in excellent agreement with the theoretical value 
for a perfectly rigid rod, calculated according to the Tirado and Garcia de la Torre theory. The second virial 
coefficient is in reasonable agreement with theory if charge effects, as proposed by Stigter, are taken into 
account. The molecular origin of the slow mode is still unknown, although ita behavior is consistent with 
the formation of aggregates at high DNA concentrations. The aggregates are probably highly polydisperse. 
The amplitude and diffusion coefficient of the slow process appeared to decrease with increasing DNA 
Concentration. The results are in poor agreement with the predictions of the Doi, Shimada, and Okano theory 
for semidilute and concentrated solutions of hard, rigid rods as well as that for such systems near the spinodal. 

Introduction 
Much interest has recently been focused on the dynamics 

of rodlike macromolecules in both dilute and nondilute 
solutions. These macromolecules are of great importance 
in both biology and materials science and, in addition, 
provide a fertile area of application for fundamental 
statistical mechanics. 

A large body of experimental and theoretical work has 
followed the pioneering theoretical work of Doi and Ed- 
wards (DE). The DE theory in ita simplest form is a scaling 
theory of the dynamics of uncharged rodlike molecules in 
nondilute solutions based on the reptation concept used 
for flexible polymers.lT2 DE define several concentration 
regimes depending on the average distance between the 
rods in solution. The average distance between rods of 
length L and diameter d in a solution with C rods per unit 
volume is l/C1/3. In thedilute regime the averagedistance 
between rods is much larger than the length of the rod (C 
<< l/L3): the rods can rotate and translate freely without 
hindrance by other polymers. As the concentration 
increases, the diffusion of the rods becomes restricted as 
a result of the hard-core repulsion between the rods. At  
concentrations well above l/dL2 the rods order and form 
liquid crystal phases. The solution is no longer isotropic. 
The semidilute region is defined as the concentration 
region much larger than l /L3 but smaller than l/dL2. In 
this regime rotational and translational diffusion are 
restricted but the solution is still isotropic. 

According to the assumptions of the DE theory, in sem- 
idilute solutions translation of rods perpendicular to the 
rod's main axis is prohibited. Translation parallel to the 
main axis of the rod is still unrestricted by the other rods. 
Thus, in the DE theory the translational diffusion coef- 
ficient of rods in semidilute solution reduces to half its 
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value in infinitely dilute solutions and, a t  least in the sem- 
idilute region, is concentration independent. It should be 
emphasized that the DE theory assumes the rods to be 
perfectly rigid and infinitely thin. No intermolecular 
interactions other than that the rods cannot pass through 
each other are taken into account in this version of the DE 
theory. The solutions are thermodynamically ideal. 

Subsequent theoretical work and Brownian dynamics 
work by Fixman3 have presented an alternative point of 
view to the reptation theories (often called "caging theories" 
in the case of rigid rods) based on cooperative motions of 
the rods. Fixman's theory focuses mainly on the rotational 
relaxation. Brownian dynamics simulations by Bitsanis 
et a1.: which include simulations of both rotational and 
translational diffusion, indicate that the Fixman theory 
appears to agree with the simulations at  the lower CL3 in 
the semidilute region and that the Doi-Edwards based 
caging theories take over a t  much higher concentrations. 
These theories generally treat the motion of a single rod 
and do not compute the dynamic structure factor that is 
measured in polarized dynamic light scattering (DLS) 
 experiment^.^ A mean-field theory of the dynamic struc- 
ture factor for hard-rod systems has been presented by 
Doi, Shimada, and Okano (DSO-1).6 DSO-I assumes the 
usual coupled rotation-translation diffusion equation for 
the single-rod motion and then computes the DLS 
structure factor in the limit of low scattering vector length, 
recovering the usual result of the phenomenological theory, 
except that the friction factor in the formula for the mutual 
diffusion coefficient is the friction factor for self-diffusion 
rather than that for mutual diffusion and sedimentation. 
Effects a t  higher scattering vector lengths which give a 
wave vector dependent apparent diffusion coefficient are 
calculated as the next correction term. In DSO-I, the 
rotational and self-diffusion coefficients are treated as 
parameters, usually invoking DE assumptions for their 
values in semidilute solution. A numerical implementation 
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of this theory has been given by Maedaa7 DSO also gives 
a theory of the dynamic structure factor for solutions near 
the critical concentration a t  which the isotropic phase 
becomes unstable (DSO-II).* If the concentration of a 
solution is suddenly brought above the critical concen- 
tration, an anisotropic phase separates from the isotropic 
phase. DSO-I1 assumes that this phase separation occurs 
by spinodal decomposition. 

A wide range of experimental work done on a variety of 
rodlike polymers has yet to provide definitive answers to 
the basic mechanism of translational and rotational motion 
in semidilute solutions of rods.+23 It is clear that for most 
systems studied the solutions are far from ideal (nonzero 
thermodynamic second virial coefficient). Most studies 
of the translational motions of rodlike polymers are 
conducted using DLS which measures the dynamic struc- 
ture factor whose decay for short rods usually gives the 
mutual diffusion coefficient rather than the self-diffusion 
coefficients treated in DE. The DSO theories,618 as 
mentioned above, treat the dynamic structure factor for 
a system of hard rods. 

In addition, for various rodlike as well as flexible poly- 
electrolytes it has been observed that, a t  high polymer 
concentrations and at low ionic strengths, the experimental 
light scattering intensity autocorrelation function shows 
an additional slow decay (“slow (Some authors 
have also noted the presence of one or more “fast modes” 
in solutions of short rods, which are often attributed to 
translational-rotational coupling The ap- 
pearance of the slow decay at  low ionic strength has been 
associated with the transition from an ordinary to an 
extraordinary phase.17 It has been suggested that the 
presence of loose aggregates is responsible for the observed 
slow decay.l4vZ5 Fried and BloomfieldX attributed the slow 
mode to the presence of a gellike phase in semidilute 
solutions of 200 base-pair (bp) DNA fragments. 

DNA fragments can be prepared in a wide range of mo- 
lecular weights. In fact, oligonucleotides (less than about 
100 bp) and restriction fragments can be prepared in 
essentially monodisperse form.27 The longer restriction 
fragments deviate from rigid-rod behavior and may be 
used to investigate the effects of limited flexibility on mac- 
romolecular dynamics, while very large molecular weight 
DNAs are globular. Thus, the entire range of macromo- 
lecular conformation may be studied with a single ho- 
mologous series. Restriction fragments are especially 
suitable for the study of rodlike molecules in dilute 
solutions. However, it is often not practically feasible to 
obtain DNA restriction fragments in quantities large 
enough to study their behavior in concentrated solutions. 
For these studies, DNA fragments with relatively narrow, 
but not monodisperse, molecular weight distributions are 
normally used. 

Wang, Garner, and Yu12 studied the dynamics of nu- 
cleosome DNA with an approximate length of 50 nm (150 
bp) in concentrated solutions. Using forced Rayleigh 
scattering, they observed a decreasing self-diffusion co- 
efficient with concentration, while, a t  high ionic strengths, 
the mutual diffusion coefficient (measured by DLS) was 
reported to remain constant. These results also indicate 
that the slow component measured in DLS is not the same 
as the self-diffusion coefficient and that the DE assumption 
of the reduction of the self-diffusion coefficient to half of 
its infinite dilution value and its subsequent concentration 
independence in the semidilute region does not apply in 
this system. 

The same system as in the Wang et al. work was studied 
by Nicolai and Mande1.13J4 They measured the dynamic 
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as well as the total intensity light scattering of 150 bp 
sonicated nucleosome DNA at  several ionic strengths and 
DNA concentrations. At  each salt concentration the 
mutual diffusion coefficient was found to increase linearly 
with concentration. The values for the coefficient of the 
linear term in the expansion of the mutual diffusion 
coefficient in concentration were shown to be consistent 
with those from theory. The experimental translational 
diffusion coefficient a t  infinite dilution was in agreement 
with that calculated assuming a perfectly rigid rod. 

Here we report the results of a study of the concentration 
effects on the dynamics of short DNA fragments in 
concentrated solutions in the presence of excess low mo- 
lecular weight salt. Polyelectrolytes in excess salt solutions 
behave very similarly to uncharged polymers.28 The DNA 
fragments were obtained by extensive sonication of high 
molecular weight calf thymus DNA and were reported to 
have a size of 200 f 30 bpaZ6 The infinitely dilute solution 
values of the translational diffusion coefficient of DNA 
fragments up to 150 bp have been shown to still obey the 
theoretical expressions for perfectly rigid  rod^.'^-'^ DNA 
restriction fragments consisting of more than 367 bp have 
been shown to significantly depart from perfectly rigid- 
rod behavior, and some flexibility in the chain has to be 
taken into account.29 

DLS of solutions with DNA concentrations up to about 
20 g L-1 (CL3 N_ 35) is measured. The DLS intensity au- 
tocorrelation functions are analyzed using the method of 
cumulants, the constrained inverse Laplace transform 
program, CONTIN, and fits of the data to a sum of two ex- 
ponentials. The weight-average molecular weight and the 
second virial coefficient are determined by low-angle laser 
light scattering (LALLS). The experimental results are 
compared with those calculated from the phenomenolog- 
ical and DSO theories and with those of previous workers 
on both the shorter sonicated  fragment^'^-'^ and the longer 
more globular 

Theory 
In the DLS experiments the normalized intensity time 

autocorrelation func t iong~(~)  was determined. Assuming 
a Gaussian distribution of the scattered electric field, g2- 
(7 )  can be related to the normalized electric field auto- 
correlation function gl( 7) by the Siegert relation5 

(1) 
For a monodisperse solution of polymers the classical 
diffusion theory gives5 

g l (d  exp(-q2D,T) ( 2 4  
Here D, is the mutual translation diffusion coefficient 
and q the length of the scattering vector, which is given 

q = (47rn/A,,) sin (8/2) (2b) 
where n is the refractive index of the solvent, A0 is the 
wavelength of the incident light in vacuo, and 0 is the 
observation angle of the scattered light relative to the 
transmitted beam. For long rodlike polymers extra terms 
dependent on the rod rotational motion appear in eq 2a. 
It can be shown,5 however, that, for rods with lengths 
smaller than about 100 nm and within the q-range normally 
accessible in scattering experiments using visible light, 
the direct contribution of these rotational diffusion terms 
to the measured correlation function is negligible. For 
polydisperse systems the normalized electric field auto- 
correlation function g1(T) is assumed to consist of a sum 

gl(T) = [gz(T) - 111” 

by 
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of exponentials 

gl(T) = JmG(I') exp(-I'r) dI' (3) 

where G ( r )  is the distribution function of the frequency 
I' E q2Dm. 

The phenomenological theory expresses the mutual 
diffusion coefficient in terms of frictional and thermo- 
dynamic parameted 

(4) 
where Mis the polymer molecular weight, Nav is Avogadro's 
number, c is the polymer weight concentration, and us is 
the polymer specific volume. The function f(c) is the 
concentration-dependent molecular friction coefficient, 
and (dlI/dC)~ is the concentration derivative of the osmotic 
pressure. This latter quantity is proportional to the 
thermodynamic driving force which acts to relax concen- 
tration fluctuations. 

The friction coefficient may be expanded in a power 
series in the concentration5J4 

( 5 )  
where fo is the friction coefficient at infinite dilution and 
(1 + k ~ )  represents the change in friction with concen- 
tration due to direct physical hindrance and/or hydro- 
dynamic interaction. This friction coefficient is identical 
to that measured in sedimentation experiments, but, in 
general, is not the same as that for self-diffusion. (Dis- 
cussions of this for liquid dispersions of interactingspheres 
are given by Pusey and and by S c h m i t ~ . ~ ~ )  After 
expanding the osmotic pressure in a virial series and com- 
bining the result with eqs 4 and 5, the usual expression for 
Dm to order c is obtained 

D, = Do(l + k,c + ...) ( 6 4  

k, = (2MA2 - U, - k f )  (6b) 
where DO is the mutual translational diffusion coefficient 
a t  zero concentration, kT has the usual meaning, and A2 
is the osmotic second virial coefficient. DO and kD are 
determined from the concentration dependence of Dm, 
which is measured in dynamic light scattering experiments. 
The molecular weight M and the second virial coefficient 
A2 can be determined in static light scattering experiments, 
and kf, in principle, from sedimentation experiments. In 
the Maeda7 implementation of the DSO theory6 both A2 
and k f  obtained from DLS experiments are dependent on 
9L. 

B r ~ e r s m a ~ ~  and Tirado and Garcia de la T0rre3~ have 
derived theoretical expressions for the translational dif- 
fusion coefficient at infinite dilution (DO) of cylinders with 
length L and diameter d: 

D,  = (M/Navf(c))(l - v,c)(dH/dc), 

f(c) = fo(l  + k,,c + ... ) 

with DO = kT/ fo  and 

Do = (kT/3*rlsL)[ln (P) + 0.5(yPar + Y , ~ ~ , ) I  (7) 
Here p = L / d ,  7, is the solvent viscosity, and ypar and yWrp 
are end effect corrections. The results of the derivations 
by Broersma and Tirado and Garcia de la Torre differ in 
the values for ypar and ?per,. According to Broersma 
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the following for rods with 2 < L/d < 30: 

y,, = -0.207 + 0.980/p - 0.133/p2 ( 9 4  

y,, = 0.839 + 0.1851~ + 0.233/p2 (9b) 

To account for possible flexibility in the rod, the polymer 
may be modeled as a semistiff wormlike chain. Theoretical 
expressions for the translational diffusion coefficients of 
wormlike chains have been given by Yamakawa and Fu- 
jii.36 They used a wormlike cylindrical model without 
excluded volume. The translational diffusion coefficient 
of a wormlike polymer can be calculated from the Ya- 
makawa and Fujii expressions using the contour length L, 
the diameter d, and the persistence length P of the 
molecule. 

Theoretical expressions for the second virial coefficient 
A2 for a system of uncharged rigid rods with diameter d 
and length L have been given by Zimm, Onsager, and 
I~hihara.37-~0 The most convenient of these, that of Ish- 
ihara, may be written in the form 

A, = (rNavd2L/i@)f (loa) 

f = ( 1 / 4 ) ~ [ 1 +  (3 + r)/(2p) + (*/4)/p21 (lob) 
Peterson4' evaluated the sedimentation velocity of un- 

charged rigid rods in a solution of finite concentration. 
The rods were modeled as rigid pearl chains, following 
Kirkwood and R i ~ e m a n . ~ ~  From Peterson's results for 
the sedimentation velocity, an estimate of the linear 
coefficient k f  can be derived 

(11) 
where R is the universal gas constant. In principle, k~ can 
be calculated from theory, using the given expressions for 
DO, l z f ,  A2, and kD. Major input parameters for this 
calculation are the length L, the molecular weight M, the 
diameter d, and the specific volume ua of the polymer. 

where f is given by (with p = L/d) 

k f  = ( R  T/3q,) (L2/ DdM) (3d /8L)2r3 

y,, = -0.58 + 7.4(1/ln (2p) - 0.34)2 ( 8 4  

These equations are estimated by Broersma to be valid 
for 9 C L/d < 400. Tirado and Garcia de la Torre report 

Materials and Methods 
Sample Preparation. Calf thymus DNA (Sigma, Type I) 

was dissolved in 10-2 M Tris-HC1 (pH 8.0 at 20 "C), 2 X 10-9 M 
EDTA and 1.1 M NaCl to a final concentration of 1 g/L. After 
bubbling through nitrogen gas, samples were sonicated for 1 h 
at ice bath temperature in l-min intervals using a Model 4710 
high-intensity ultrasonic processor (Cole-Parmer Instruments 
Co.) operating at 25 W and 20 kHz. 

Following sonication, the DNA was size fractionated by 
differential precipitation with poly(ethy1ene glycol) (PEG) as 
described elsewhere.43 The high molecular weight fraction was 
precipitated with 6% PEG. PEG was added to the supernatant 
to a final concentration of 12%. The low molar mass DNA in 
the supernatant precipitated and was dissolved in lo-* M Tris- 
HC1 (pH 8.0 at 20 "C) and 10-4 M EDTA (TE buffer). The DNA 
was subsequently precipitated with ethanol and dissolved in TE 
buffer containing 0.2 M NaCl (TES buffer). 

To determine the approximate molecular weight of the isolated 
fraction, agarose gel electrophoresis was performed. The DNA 
molecules in the fraction had an average fragment size of 150- 
250 bp, consistent with previous reports.% 

Dilutions were made in TES buffer. Concentrations were 
determined spectrophotometrically at 260 nm. Solutions were 
stored at 4 "C. 

Dynamic Light Scattering Experiments. The dynamic 
light scattering apparatus used in these experiments utilized a 
Spectra Physics Model 165 argon ion laser operating at 488 nm. 
The laser power used was between 10 and 800 mW. The auto- 
correlation function of the intensity was measured using a 
Brookhaven BI2030AT digital correlator with 142 red datapoints, 
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6 of which were delay channels used to measure the base line. 
The scattering angles used ranged from 20 to 110". Prior to 
measurement the solutions were filtered through a Millex GS 
0.22-pm pore size filter (Millipore) into a clean Spectrocell 10- 
mm square glass cuvette. The samples were centrifuged for 1 h 
at 5000 rpm to remove air bubbles. The solutions were examined 
for dust through a 5X microscope while illuminated with laser 
light. When clean, the solutions were allowed to equilibrate for 
at least 8 h at 20 "C before measurements were taken. All 
measurements were done at 20 "C. The data sets were elec- 
tronically transferred from the Brookhaven correlator to a VAX- 
station 3200 computer for further analysis. The first datapoint 
from each data set was not used in the analysis. 

Static Low-Angle Laser Light Scattering Experiments. 
LALLS experiments were performed on a Chromatix KMX-6 
apparatus operating at 632.8 nm and at 20 "C temperature. The 
laser light was vertically polarized. Excess scattering intensities 
were measured at an average angle of 5' using a 0.15-mm pinhole. 
The DNA solutions had concentrations in the same range as in 
the dynamic light scattering experiments. The solutions were 
allowed to equilibrate at 20 "C for at least 8 h prior to 
measurements. The solutions were filtered through a 0.22-pm 
pore size Millex GS filter. We found that if 0.45-pm pore size 
filters were used, the measured scattering intensity showed much 
larger fluctuations. Measurements were taken immediately after 
filtration. During the measurements, the sample was slowly 
flowed through the cell. Output was recorded on a chart recorded 
and subsequently analyzed. 

Data Analysis 
Dynamic Light Scattering Experiments. The mea- 

sured autocorrelation function Y(7), divided by the base 
line E, represents the normalized intensity autocorrela- 
tion function g2(7). Via the Siegert relation (eq 1) the 
experimental autocorrelation function can be related to 
the normalized electric field autocorrelation function gl- 
( 7 ) :  

(12) 
The value of the calculated base line was used to normalize 
the experimental data. 

It was assumed that gl(7) has the form given in eq 3. 
G ( r )  can be obtained by solving the inverse Laplace 
transform (ILT) of the measured autocorrelation function. 
This constitutes an ill-posed problem in that there is an 
unbounded number of solutions which fit the data equally 
well within the precision of the data. Various methods 
have been developed to extract information on G ( r )  from 
experimentally determined autocorrelation  function^.^-^^ 
In this study the measured correlation functions were 
analyzed by three different methods. 

First, all experimental data were analyzed using the 
method of c ~ m u l a n t s . ~ ~  Data were fit to an expansion up 
to the second cumulant. The first cumulant K1 represents 
the weighted average of the frequency r. The second cu- 
mulant Kz, suitably normalized by (K#,  is a measure of 
the relative width of the distribution of frequencies. 

Second, the experimental field autocorrelation functions 
g1(7) were analyzed using version 2 of the Fortran program 
CONTIN. This program and its capabilities are described 
e l s e ~ h e r e . ~ - ~ ~ ~ ~  Using a constrained regularization method, 
CONTIN calculates the ILT of the measured correlation 
function numercially within a given frequency window. 
CONTIN does not require the number of exponentials (or 
peaks in the distribution of frequencies G( r ) )  to be input 
in advance. The smoothest solution which is still con- 
sistent with the data is selected as the final solution. 
Consequently, CONTIN generally will not overestimate the 
number of relaxation processes occurring in the system. 
The input boundaries of the frequency window should be 
chosen such that  all peaks of the final solution are 

g1(7) = [ Y(T)/B - 111'2 
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contained within the given frequency window. With this 
restriction the boundaries do not significantly influence 
the final solution given by CONTIN. 

In the cases where commgave evidence of two relaxation 
processes (ie., two peaks in the frequency distribution), 
data were also fit to a sum of two exponentials 

Y(7) = B[1 + (A, exp(-r ,~)  + A, exp(-I',~) + 81'1 (13) 
where AI, A2, rl, and r2 are the amplitudes and frequencies 
of the first and second exponentials, respectively, and Q 
is a constant accounting for "dust". The Fortran program 
DISCRETE, which was also written by Provencher, was used 
for this analysis. DISCRETE can fit data to a discrete sum 
of exponentials and was set to fitting to a sum of maximally 
two exponentials in this case. 

Static Low- Angle Laser Light Scattering Experi- 
ments. The Rayleigh ratio (me) was calculated using 
the experimentally determined excess scattering intensity 
of the sample over the solvent (TES-buffer) as shown below 

= F[(zO/zO)-ple - (zB/zO)TES-butferl (14) 
where F is an instrumental constant and l e  the average 
intensity of the light scattered at  an average angle 0 by the 
TES buffer or the DNA solution which is illuminated with 
laser light with an intensity l o .  At the small angles used 
in this experiment (8 - 5 O ) ,  the influence of intra- or in- 
termolecular interference is negligib1e.a Therefore, the 
following relation holds between ARe, the weight-average 
molecular weight of the solute M,, the second virial 
coefficient A2, and c ,  the weight concentration:M 

Kc/AR, = l/Mw + 2A2c ( 1 5 4  

K = 4=2noZ(an/ac),2/(~,",,) (15b) 

where no is the refractive index of the solvent, (an/&),,, 
is the increment of the refractive index with concentration 
measured at  constant chemical potential of the solvent 
( p 8 ) ,  and XO and N A ~  have been defined previously. 

Results 
Dynamic Light Scattering Experiments. The in- 

tensity autocorrelation functions of DNA solutions with 
concentrations ranging from 0.5 to 18.5g L-' were measured 
at angles between 20 and 110'. The results for the 
apparent diffusion coefficients extracted from the corre- 
lation functions by the previously described data analysis 
methods are summarized in Table I. 

Correlation functions of solutions with concentrations 
lower than -2 g L-' showed clearly single-exponential 
behavior. These correlation functions were measured 
using a single sample time chosen such that the agreement 
between the measured and calculated base line was within 
0.1%. These data were analyzed by the method of cu- 
mulants and CONTIN only. 

A typical CONTIN output in terms of the frequency 
distribution function G(r)  is shown in Figure 1. From the 
moments of G(r),  as given by CONTIN, the average frequency 
was calculated. The first cumulant agreed very well with 
the average frequency as computed by CONTIN. The 
normalized second cumulant was of the order of 0.1, 
confirming the single-exponential nature of the measured 
autocorrelation function. 

The average frequencies as determined by both methods 
at  various angles were plotted versus the square of the 
length of the scattering vector q. Results from both 
analyses showed a linear dependence on q2 (Figure 2). 

The constant K is given b y 9  
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Table I 
AoDarent Diffusion Coefficients (20 OC, 10-7 cm2 6-1) As Determined by the Method of Cumulants, DISCBETE, and CONTIN. 

DISCRETE CONTIN 

c ,  E L-' CL3 CUM: D DI D. AfIAs Di D. AdAa 
~~ ~~ 

0.56 1.0 2.2 2.2 l:o 
0.73 1.3 2.14 2.14 l:o 
1.88 3.4 2.22 2.22 l:o 
3.86 7.0 2.40 2.50 l:o 
7.43 13.5 2.42 3.47 0.59 2:l 3.13 0.28 21 
12.5 22.8 3.00 4.01 1.0 3:l 3.43 0.4 6 1  
18.6 32.9 3.64 4.3 1.0 17:l 4.04 0.31 101 

0 CUM: method of cumulanta. c: weight concentration of DNA. D: average apparent diffusion coefficients. Df, D,: apparent diffusion 
coefficients of the fast and slow modes, respectively. Af/A,: ratio of the amplitude of the fast mode to the amplitude of the slow mode. 

t 

102 103 I o4 
r ( U S )  

Figure 1. Typical CONTIN output at low DNA concentrations. 
Depicted is the frequency distribution G(r )  (in arbitrary units) 
as a function of the frequency J? for a 0.56 (g L-l) DNA 
solution. The scattering angle was 30'. 

The data were fit to a straight line by the methods of least 
squares. All fits intersected the ordinate a t  the origin 
within the experimental error. The slope of the fits was 
associated with the apparent diffusion coefficient DaqP. 
The results of the cumulant and CONTIN analyses were in 
excellent agreement (see Table I). 

At concentrations between 2 and 7 g/L the experimental 
correlation function began to deviate from single expo- 
nentiality, as was reflected in the larger value of the 
normalized second cumulant (-0.20). However, it was 
still possible to sample the correlation function with a 
single sample time. Data were again analyzed by the 
method of cumulants and CONTIN. 

The results of the CONTIN analysis sometimes gave 
evidence of two relaxation processes contributing to the 
autocorrelation function. We refer to the processes with 
the lower and higher average relaxation frequencies as the 
slow and fast modes, respectively. Resolution of two modes 
was very much dependent on the noise in the experimental 
data. If resolved, the slow mode appeared only at  small 
angles and had an amplitude of less than 4%.  Its 
amplitude decreased with increasing angle. In those 
instances where CONTIN did resolve two modes, the weighted 
average of the average frequencies of the two processes 
was used for further analysis. The first cumulant was 
usually slightly smaller than the average frequency as 
determined by CONTIN. When plotted versus q2, the average 
frequency as determined by CONTIN and the method of 
cumulants showed a linear dependence on q2. From the 
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Figure 2. Variation of the average frequency r (8-l) as 
determined by CONTIN with the square of the length of the 
scattering vector q (cm-2) for a 0.56 (g L-l) DNA solution. 

least-squares linear fit of the data, the apparent diffusion 
coefficient was determined. The results are tabulated in 
Table I. 

Autocorrelation functions which were measured for 
solutions with DNA concentrations above 7 g L-' showed 
pronounced bimodal behavior. It was no longer possible 
to measure both relaxation times with only one sample 
time. A set of autocorrelation functions was measured, 
using a series of sample times. The data were analyzed 
as before, but in this case data were fit to a sum of two 
exponentials using DISCRETE. 

CONTIN consistently resolved two modes (Figure 3). The 
average frequency of the fast mode was independent of 
the sample time used when measuring the correlation 
function. Variation of the input boundaries of the 
frequency window of CONTIN had no effect on the results 
for the fast mode. 

In contrast to the results for the fast mode, the resulh 
of the CONTIN analysis regarding the slow mode varied 
considerably with sample time and frequency window. To 
estimate the average frequency of the slow relaxation 
process, only correlation functions which showed less than 
0.1 % difference between the values of the measured and 
calculated base line were analyzed. The frequency bound- 
aries were set such that both the fast and slow modes were 
almost fully contained within the frequency window. The 
results of the CONTIN analysis showed that the amplitude 
of the slow mode was always much smaller than that of 
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Figure 3. CONTIN frequency distribution G( r) (in arbitrary units) 
versus the frequency r (8-1) for a 7.4 (g L-l) DNA solution. The 
scattering angle was 20°. 

the fast mode and that it decreased slightly with increasing 
angle. The frequency distribution of the slow process is 
much broader than that of the fast mode. In addition, the 
frequency distribution of the slow mode shows a long “tail” 
toward the low end of the frequency window. The observed 
large variation in the results of the CONTIN analysis for the 
slow mode is probably due to this extremely broad 
distribution. 

The data were also fit to a cumulant expansion up to 
the second cumulant, although this was strictly speaking 
no longer applicable because the autocorrelation function 
deviated largely from single exponentiality in this con- 
centration regime. However, the first cumulant agreed 
surprisingly well with the weighted average of the average 
frequencies of the slow and fast mode as determined by 
CONTIN. As might be expected, the normalized second cu- 
mulant was large (>0.3). 

The values for the average frequencies of the slow and 
fast modes, as determined by the double-exponential 
DISC= fit, were consistently higher than those determined 
by the CONTIN analysis. The results also showed larger 
variation with sample time. No angular dependence of 
the amplitude of the slow mode was detected. 

The average frequencies a t  various angles calculated by 
the three methods of analysis were plotted versus q2. The 
frequencies of both the slow and fast mode showed a linear 
q2 dependence (Figure 4). The data were fit to a straight 
line by means of the method of least squares. All fits 
intersected the origin within experimental error. In 
general, the data for the fast mode fit a straight line better 
than those for the slow mode. Data obtained by the CON- 
TIN analysis gave the best fit. Those obtained by the 
method of cumulants gave the worst fit. From the slope 
of the fit, Dapp was determined. The results are given in 
Table I. 

S t a t i c  Low-Angle Laser Light Scat ter ing  
Experiments. Data were collected as described, and the 
Rayleigh ratio ARs was calculated using eq 14. The value 
of the constant K was calculated using eq 15b with no = 
1.337, (dn/dc),, = 0.168 mL/g,W and & = 632.8 nm. Kc/ 
ARe was calculated, and the data were plotted versus the 
concentration c (Figure 5). A linear relationship was 
evident, and the data were fit to a straight line by the 
methods of least squares. From the slope and the intercept 
of the fit, the second virial coefficient A2 and the molec- 

S I  / 

XlOlO 

q2 (I/“) 
Figure 4. Average frequencies r (s-l) of the fast (0) and slow 
(0) modes for a 18.6 (g L-l) DNA solution determined by CONTIN 
and plotted versus the square of the length of the scattering 
vector q (cm+). 

I 
5 10 15 

c ( g w  

Figure 5. Variation of Kc/ARe (mol/g) with DNA concentration 
c (g L-1). 

ular weight Mw, respectively, were determined using eq 
15a. We found A2 = (7.2 f 0.2) X lo-’ (mol L g-2) and Mw 
= (1.56 f 0.05) X lo5 g mol-’. Assuming the average mo- 
lecular weight of one base pair to be 660, this corresponds 
to a fragment size of 236 f 8 bp. It has not escaped our 
notice that the average molecular weight determined in 
this study is -20% larger than reported previously by 
Fried and Bloomfield26 for a similar system of sonicated 
calf thymus DNA. However, these authors used a method 
of differential fractionation which was different from ours. 
This may account for the observed discrepancy in the 
measured molecular weight. 

Discussion 
Data Analysis. The data summary in Table I shows 

that the apparent diffusion coefficient as determined by 
the method of cumulants is in good agreement with that 
calculated by CONTIN for concentrations up to about 2 g 



6134 Goinga and Pecora Macromolecules, Vol. 24, No. 23, 1991 

Table I1 
Calculated B(o(qL)z  as a Function of Concentration at $ 

= 1.0 x 1011 cm-2 

5 10 15 
c W L )  

Figure 6. Mutual translational diffusion coefficient of the fast 
mode Df (cm2 s-l) as a function of the DNA concentration c (g 
L-1). 

L-1. At  higher concentrations this diffusion coefficient is 
lower than the Dapp estimated by CONTIN and DISCRETE. The 
first cumulant represents the weighted-average frequency 
over the whole frequency domain. Therefore, the observed 
discrepancy at  high concentrations can be ascribed to the 
presence of the slow mode. 

For concentrations above - 7 g L-l, the DISCRETE analysis 
gives higher values for the average frequencies of the fast 
and slow modes as compared to the results of the CONTIN 
analysis. This is probably due to the tendency of DISCRETE 
to account for more of the long tail of the slow mode in 
the constant dust factor Q in eq 13. This results in higher 
values of the apparent diffusion coefficient for both the 
fast and slow processes (see Table I). 

In this study the fast and the slow processes show 
relatively broad frequency distributions. The polydis- 
perse nature of these processes is best accounted for in the 
analysis by CONTIN, because a continuous rather than a 
discrete frequency distribution is assumed. Also, a major 
advantage of CONTIN is that no prior knowledge of the 
number of processes (or peaks in the frequency distribution 
G(r)) is necessary. In this study the quality of the fit of 
the average frequency determined by CONTIN versus q2 was 
always better than the quality of the fits using the other 
methods of analysis. The results of the CONTIN analysis 
varied the least with the sample time which was used to 
measure the autocorrelation function. Therefore, further 
discussion of the fast and slow processes will focus on the 
data given by CONTIN. 

Fast Mode. The fast mode was observed over the whole 
concentration range under study. The fast relaxation 
process showed up as a relatively narrow peak in the 
frequency distribution (Figure 1). This indicates that the 
polydispersity of the DNA fragments is relatively small, 
which is also confirmed by the small value of the normalized 
second cumulant a t  low concentrations. The average 
frequency of the fast process showed a linear dependence 
on q2. The apparent diffusion coefficient of the fast mode 
was assumed to represent the mutual translation diffusion 
coefficient D,. D,, as determined by the CONTIN analysis, 
is plotted as a function of concentration in Figure 6. 

It is instructive a t  this point to compare our results to 
the predictions of the DSO-I theory.6 The DSO-I theory 
using the DE assumptions about self-diffusion and rotation 
predicts systematic fractional deviations B(C)(qL)2 from 

dilute X lo2 concd X 10 
C, g L-1 c/c* x 103 (eq 16a)O (eq 16b)' 

0.56 6.7 0.83 -1.4 
0.73 8.7 0.59 -1.5 
1.88 22.5 -0.88 -1.6 
3.86 46.1 -2.9 -1.8 
7.43 88.8 -5.3 -2.0 

12.5 149.4 -7.5 -2.3 
18.6 222.3 -9.1 -2.4 

a Using diameter d = 2.6 nm3,53 L = 77.9 nm, and MW = 1.56 X 
105. 

linear behavior in a plot of the initial decay rate versus q2, 
where 

and 

B(C) = - l(1+ 2c ) semidilute (16b) 
9 5 ( c * + a c )  

where C* = 16/?rdL2. Note that the sign of the deviation 
is positive at  low concentrations and negative at  high 
concentrations. For our system c* (in weight concentration 
units) is calculated to be 83.7 g L-l. Table I1 shows the 
calculated values of B(C)(qL)2  for our system using the 
given DNA parameters (see below) at  our largest q. 
Deviations from linear q2 dependence of the average decay 
rate using DSO-I and the DE assumptions would be from 
1 to 25%. The errors of the average decay rates for the 
fast mode as determined from CONTIN were on the order 
of 5%. Thus, the systematic deviations of this type from 
straight-line behavior for the fast mode should have been 
observable in plots of the average decay rate versus q2 at  
high q and at  concentrations from 7.5 to 18.6 g L-l. Using 
a larger effective diameter for the DNA (see below) would 
make the discrepancies even larger. 

Since the DSO-I theory refers to the initial decay rate, 
perhaps the average of all the decay times (including the 
slow mode) as computed from cumulanta or the CONTIN 
moments should instead be used in the comparison with 
theory. As stated above, the average of all the times for 
the concentrated samples computed from CONTIN depended 
on the sampling time and frequency window limits chosen 
(mainly due to the difficulty of fitting the slow mode) and 
so was not useful in a comparison. The first cumulant, 
however, gave a linear q2 dependence, but this fit was not 
as good as the separate fits for the average times of the 
fast and slow modes from CONTIN. In any case, no 
systematic deviations from linear behavior were observed 
in the cumulant fits. 

This failure of DSO-I could be due to the fact that DSO-I 
is a theory for hard rods while our system, even though 
it is a t  high ionic strength, exhibits Coulomb forces. I t  is, 
however, not clear that DSO-I even quantitatively applies 
to rodlike molecules with no net charge. RUSSO, Karasz, 
and Langley (RKL)" for instance found systematic 
deviations from q2 behavior for the average decay rate 
(from the first cumulant) of poly(y-benzyl +-glutamate) 
(PBLG) in dimethylformamide (DMF). Deviations began 
to be evident at 14.8 g L-l for a system with c* = 30.0 g 
L-l. If we compute the B(C)(qL)2 expected from DSO-I 
for the RKL system, we find that larger deviations are 
expected than in our case but that the values measured 
by RKL are considerably smaller in magnitude than 
predicted. 
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Table 111 
Comparison of Experimental with Theoretical Values of l& 

at 20 "C 
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Table IV 
Experimental and Theoretical Values of A,. kt, and ka' 

DO x IO7, cm2 s-* 

exptl 2.06 f 0.01 
Broersma" 1.89 
Tirado and Garcia de la Torre" 2.06 
Yamakawa and Fujiia 2.17 

Using diameter d = 2.6 nm,53 persistence length P = 50 nm;lsM) 
and rise per base pair RPB = 0.33 nm b ~ - l . ~ *  

The mutual translation diffusion coefficient is clearly 
dependent on the polymer concentration. The critical 
concentrations as defined by DE for a 236 bp DNA 
fragment are 0.55 g/L for the l /L3 and 16.4 g/L for the 
l/dL2 concentration, using d = 2.6 nm and the rise per 
base pair RPB = 0.33 nm/bp.s1-53 (Small variations in 
the diameter are not important for rods of this length.27) 
Thus, the highest concentration which was studied (- 20 
g/L) corresponds to -35 times the overlap concentration 
l /L3 given by DE. The highest concentration does not 
exceed the concentration l/dL2 to a large extent. Thus, 
the concentration range studied here encompasses the 
dilute and the semidilute concentration regime as defined 
by DE. The system may still be considered isotropic. 

In the DE theory semidilute behavior for the transla- 
tional self-diffusion coefficient should be observed at 
concentrations at  least 10 times the overlap concentration 
l/L3. Figure 6 clearly shows that none of the assumptions 
of DE for the translational diffusion coefficient in the sem- 
idilute concentration regime applies to the mutual dif- 
fusion coefficient as measured by our fast mode: the 
experimental translational diffusion coefficient does not 
reduce to half its value at  infinite dilution, nor is it found 
to be independent of concentration. These observations 
are in accordance with the results of previous s t u d i e ~ ~ ~ J ~ J 4  
and the expectation that, since our system is not ideal as 
shown by the measured nonzero value for Az, the self- 
diffusion and mutual diffusion coefficients should not be 
equal. 

Returning to Figure 6, the measured mutual transla- 
tional diffusion coefficient shows a linear dependence on 
the concentration in the concentration range studied. Such 
a linear dependence has also been observed in a similar 
concentration range for 150 bp mononucleosome DNA.14 
The data were fit to a straight line by the methods of least 
squares. It was assumed that the theoretical expression 
for D, as given by eq 6 is valid for the whole concentration 
regime under study. DO and kd were determined from the 
intercept and the slope of the fit, respectively. We found 
DO = (2.06 f 0.01) X cm2 s-l and kD = 0.052 f 0.001 

From the average fragment size of 236 f 8 bp (deter- 
mined, as stated above, from the measured average mo- 
lecular weight), the diffusion coefficient at infinite dilution 
Docan be calculated using the theoretical expressions given 
by Broersma, Tirado and Garcia de la Torre, and Ya- 
makawa and Fujii. The results of these calculations 
together with the experimental data are shown in Table 
111. The calculated value of DO, calculated according to 
the Broersma equations, underestimates the value of DO 
slightly. Tirado, Martinez, and Garcia de la Torre53 
compared the theoretical predictions for DO by Broersma 
to experimental results for DNA fragments of various 
lengths and reported the same observation. The DO 
determined in this study is in excellent agreement with 
the value given by Tirado and Garcia de la Torre. The 
value of DO for the Yamakawa and Fujii model of a 
wormlike cylindrical chain is -5% larger than the 

L g-1. 

A2 X IO-', mol L gz kf, L g-l 
expt 7.2 f 0.2 0.08 f 0.01 0.052 f 0.001 
theory 3.4 f 0.6 0.2 O . l C  

kD, L g1 

6.1 * 0.6b 

a Unless noted otherwise, the following values were used in the 
calculation: diameter d = 2.6 nm3,53 solvent viscosity q, = 1.002 cP, 
and specific volume us = 0.556 X 10-9 L g-*.M * Using d = 4.41 nm 
(see text). Error according to Peterson.'l 

experimentally found DO. Thus, comparison of the ex- 
perimental and theoretical values for DO indicates that 
DNA fragments with an average size of 236 bp may still 
be modeled as rigid rods. No flexibility has to be taken 
into account. 

We now turn to the discussion of the diffusion virial 
coefficient k ~ .  Using eq 6b with us = 0.556 X 10-3 L g-l,u 
kf was calculated from the experimentally determined 
values of k ~ ,  M, and Az. Theoretical estimates of A2 and 
kf were calculated according to eqs 10 and 11, respectively. 
The results are summarized in Table IV. 

The value of A2 calculated from the theoretical expres- 
sion for uncharged rigid rods (eq 10) is much smaller than 
the experimental value of AB. Equation 10 was derived 
assuming hard-core interactions only. Electrostatic in- 
teractions, even at  an ionic strength as high as in this 
study, might account for the observed disagreement 
between experiment and theory. 

Nicolai and Mandel13 measured the second virial co- 
efficient in solutions of 150 bp DNA fragments as a function 
of ionic strength. They found that, due to increased 
electrostatic interactions, the second virial coefficient 
increased with decreasing salt concentration. Theoreti- 
cally, they accounted for the observed charge effech by 
introducing an effective diameter d,M and an effective 
length L,ff in Ishihara's expression for A2. L,ff and den are 
larger than L and d, respectively. The calculation of these 
effective parameters is complicated, and the reader is 
referred to the original paper. 

Stigter55 also calculated an effective diameter depend- 
ent on ionic strength. This effective diameter reflects the 
coil expansion due to electrostatic repulsion. Values of 
denat various salt concentrations are tabulated in his paper. 
Taking his value of 4.41 nm for the effective diameter of 
DNA at  0.2 M NaCl and using eq 10, we calculated A2 = 
(6.1 f 0.6) X (mol L g-2) for the solution of 236 bp 
DNA fragments in our study. This result is in much better 
agreement with the observed value of AZ than the value 
calculated with d = 2.6 nm. These results seem to indicate 
that, even at  salt concentrations as high as 0.2 M NaCl, 
electrostatic interactions in solutions of polyelectrolytes 
can have a profound effect on the second virial coefficient. 

The theoretical value of kf as shown in Table IV has 
been calculated using the expression for kf given by Peter- 

(eq 11). I t  should be stressed that this expression 
is intended to give only an estimate of the real value of 
kf. Comparing the theoretical value of kf to experimental 
data for the tobacco mosaic virus, Peterson found that the 
disagreement between these values was - 50 % . However, 
in a study of the dynamics of poly(e-(carbobenzoxy)-L- 
lysyl- y-benzyl L-glutamate) in dimethylformamide (DMF), 
Itou et a1.56 found that eq 11 predicted the dependence of 
kf on the molecular weight rather well. Kubota, Tomi- 
naga, and F ~ j i m e 5 ~  observed agreement within -20% 
between their experimental and theoretical estimates of 
kf for a system of PBLG rods in DMF. These studies were 
done on polymers with molecular weights well above lo5. 
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In our study, the theoretical and experimental values of 
kf were in poor agreement (see Table IV). 

The discrepancy could be due to electrostatic interac- 
tions in the solutions of DNA, which were not considered 
in the derivation by Peterson. Also, some of Peterson’s 
assumptions appear not to be justified for short rods. 
Clearly, to describe the observed behavior of kf for (short) 
rigid rods, more rigorous theoretical calculations are 
needed. Due to the large error in the theoretical estimate 
of kf, no reasonable value for k D  could be calculated from 
theory. 

If we identify the diffusion coefficient corresponding to 
the fast mode with the DCmp discussed by DSO-L6 the 
slope of the D, vs c plot may be compared to the theoretical 
predictions. The DSO theory essentially treats the self- 
diffusion coefficients as parameters. A t  relatively low 
concentrations and low q, the DSO-I theory adds nothing 
new to the predictions of the phenomenological theory 
(eq 6), except to say that kf is the same as that for self- 
diffusion. Since we have not made independent mea- 
surements of self-diffusion, this point cannot be further 
discussed here. However, in thesemidilute region in which 
the self-diffusion coefficient is assumed by DE to be 
independent of concentration, DSO-I gives D, = Do(1 + 
2MAzc). Thus k D  may be easily calculated from the 
measured A2 and is found to be 0.226 L g-l, which is more 
than 4 times the value found experimentally (Table IV). 
If we use the average apparent diffusion coefficient 
including the slow mode versus concentration todetermine 
the experimental slope, then the discrepancy would be 
even larger. 

For comparison of our results with those previously 
reported for different, but similar, systems, it is convenient 
to introduce the dimensionless parameters KD, Kt, and 
Kf. KD is the linear coefficient in the expansion of the 
mutual diffusion coefficient in the volume fraction, $,, 
rather than in c ,  the weight c ~ n c e n t r a t i o n . ~  KD is related 
to Kt and Kf by 

KD = K, - Kf (17) 
where Kt is the virial coefficient which reflects the 
thermodynamic driving force, while Kf represents the 
frictional resisting force. The above virial coefficients can 
be calculated from kD,  Az, and kf as 
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Table V 
Diffusion and Virial Coefficients of Linear DNA Molecules 

with the volume fraction given by 

4, = (N*,VhC)/M (184  
Here v h  is the volume of one particle in solution, which 
we have taken to be the volume of a sphere with the 
measured hydrodynamic radius, R h .  R h  was, as usual, 
calculated from DO using the Stokes-Einstein relation. 

Table V shows the values of the virial coefficients 
calculated from our results and those calculated or 
obtained from previous work.13J4Jo,31 The quantities KD, 
Kt, and Kr are calculated using at  least four experimental 
input parameters, and the estimated errors in the final 
results are, consequently, relatively large. The data 
represented in Table IV do, however, show trends as the 
molecular weight of the DNA is increased. 

K D  for large globular DNA molecules is reported to be 
relatively independent of molecular weight.30 On the basis 

L,  Do X lo”, 
bo M, x 106 cm2 s-1 Kn Kt K* 

I 

152O 1.00 f 0.02 3.04 f 0.05 10 f 1 1 3 h 4  3 * 1  
236 1.56 f 0.05 2.06 f 0.01 2.9 f 0.2 12 1 9 f Id 

2311b 15.3 0.442 1.3 f 0.3 
651tiC 43.0 0.198 1.12 f 0.03 6.23 2.57 * 0.72 

a Calculated from the results reported by Nicolai and M a ~ ~ d e l ~ ~ J ~  
for mononucleosome DNA at 0.1 M NaC1. * From Sorlie and Pecoraso 
for linearized pLH2311 plasmid DNA at 0.1 M NaCl. Calculated 
from the data reported by Voordouw et a1.31 for linearized 
ColElplaamid DNA at 0.2 M NaCl. d Calculated from the KD and 
Kt  according to KD = Kt - Kf. 
of the small amount of data available, this does not seem 
to hold for the shorter more rodlike DNA fragments. Also, 
KD as well as Kt for short DNA fragments appears to be 
larger than that for long DNA molecules. The relationship 
between KD, Kt, and Kf holds very well for the 150 bp 
DNA fragments a t  0.1 M NaC1. However, this was not 
always the case at  all salt concentrations.14 It should be 
emphasized that these “volume fraction” expansions and 
comparisons are based on replacing the single particle 
volume v h  by the volume of a sphere with radius Rh .  The 
volume used, thus, is closer to the actual molecular volume 
for the larger more globular DNAs than it is for the shorter 
more rodlike ones. 

Slow Mode. A relaxation process with a relatively large 
decay time has been reported for systems of various 
polylectrolytes.11-21 In solutions of short rodlike poly- 
electrolytes, the slow mode has been observed at  low ionic 
strength and high polyion concentration. The polymer 
concentration at  which the slow mode began to appear 
decreased with decreasing ionic strength.14 Drifford and 
DalbiezIg described the same observation for aqueous 
solutions of high molar mass sodium poly(styrene sul- 
fonate), where the slow mode appeared a t  a fixed ratio of 
polyion concentration to salt concentration. In our study, 
CONTIN gave evidence of an additional slow process a t  
concentrations as low as 2 g/L. However, due to the small 
amplitude of the slow mode at  lower concentrations, 
consistent results for the slow mode could only be obtained 
for concentrations higher than about 7 g L-l. 

Generally, for high molecular weight polyelectrolytes a 
relatively sudden transition is observed from a region were 
the fast mode is preponderant to a region where the slow 
mode dominates.18-21 However, we found that the two 
modes coexist over a rather broad polymer concentration 
range (about 2-20 g/L). This is in accordance with the 
results of previous studies on similar systems of low molar 
mass DNA.14 We comment on this observation below. 

The frequency of the slow relaxation process was 
typically 1 order of magnitude smaller than the relaxation 
frequency of the fast process. The average frequency of 
the slow mode showed a linear dependence on the square 
of the length of the scattering vector q. The amplitude 
of the slow mode decreased slightly with increasing angle. 
From the above results, it may be concluded that the slow 
mode reflects a diffusion process, which is caused by 
fluctuations which take place on a length scale which is 
large relative to the probing distance l /q .  The apparent 
diffusion coefficient corresponding to this mode is given 
in Table I. These observations on the slow relaxation 
frequency are in agreement with the results previously 
reported for systems of short rodlike polyelectrolytes as 
well as for systems of long flexible polyelectrolytes. 

The origin of the slow mode has been the subject of 
extensive study and discussion but is still speculative. 
Several explanations have been brought forward. Schmitz 
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reached -30 min thereafter. In our LALLS experiments, 
we observed an increased fluctuation of the scattering 
intensity after filtration through 0.45-pm pore size filters 
instead of 0.22-pm pore size filters. The average size of 
the aggregates is apparently smaller than 0.45 pm. 

Yet, the concept of aggregation is hard to reconcile with 
the results of the forced Rayleigh experiments on 150 bp 
nucleosome DNA.12 These experiments gave no indication 
of any significant change of the behavior of the self- 
diffusion coefficient a t  low ionic strength. Schmitz et a1.25 
proposed an explanation for a similar inconsistency 
observed for saline solutions of poly(L-lysine). They 
considered the effects of small ions on the dynamics of the 
polyion. It was suggested that the slow mode represents 
the dissolution of so-called "temporal" aggregates rather 
than the translational diffusion of these large structures. 
With this assumption, these authors argued that the 
"average" environment of a single poly(1ysine) particle was 
not expected to change drastically with ionic strength, 
which would explain the relatively constant behavior of 
the experimental self-diffusion coefficient. More study is 
necessary to confirm this hypothesis. Apart from the 
described discrepancy, the formation of aggregates is 
consistent with all the data regarding the slow mode 
presently available. 

As to the mechanism of aggregation, BloomfieldM 
suggested the formation of colloidal crystals, which are 
stabilized solely by repulsive electrostatic force.32 Such 
has been observed recently by Pedley et al. in solutions 
of sulfonated polystyrene in xylene.59 As proposed by 
Schmitz et al.,25 the aggregates might arise as the result 
of a balance between attractive dipole forces, which are 
due to the sharing of small ions by several polyions, and 
repulsive electrostatic and Brownian diffusion forces. The 
coupling between the small ions and the polyions would 
be impaired at  high ionic strength due to screening effects. 

The results presented here are consistent with the 
formation of aggregates at high polymer concentrations. 
The rather broad frequency distribution of the slow process 
is probably due to the highly polydisperse nature of the 
aggregates. The small amount of data presented do not 
justify any definite conclusions but may help clarify the 
characteristics of the slow mode. 

The diffusion coefficient as well as the amplitude of the 
slow mode seems to decrease with increasing concentration 
after an initial increase when the slow mode first appears 
(see Table I). The decrease of the slow relaxation 
frequency with increasing concentration may be due to an 
increase in the average size of the aggregates. Mathiez et 
al. observed the same trends for the frequency and 
amplitude of the slow mode in saline solutions of high 
molecular weight poly(adeny1ic acid).m-21 It was suggested 
that the slow mode may only be observed in the range of 
intermediate concentrations. At  low concentrations, the 
amplitude is too small to be determined and, for higher 
concentrations, the frequency of the slow mode is too small 
to be distinguished from the background of static scat- 
terers. This may explain the rather narrow concentration 
range over which the slow and fast modes coexist in systems 
of high molar mass polyelectrolytes, as compared to the 
rather broad coexistence range observed in systems of low 
molar mass DNA. 

Conclusion 
DLS studies of the dynamics of 236 bp DNA fragments 

at high ionic strength (0.2 M NaCl) follow rigid-rod 
behavior in dilute solution. In semidilute solutions the 
DLS intensity autocorrelation functions began to deviate 
from single exponentiality a t  a DNA concentration of about 

Table VI 
Ratios of Amplitudes and Apparent Diffusion Coefficients 

of the Fast and Slow Modes 
DSO-I1 theory" exptl 

c,gL-' C/C* X 109 Ar/A8 Dr/D, Ar/A8 Dr/D8 
0.56 6.7 0.58 6.31 
0.73 8.7 0.59 6.28 
1.88 22.5 0.69 6.13 
3.86 46.1 0.88 6.00 
7.43 88.8 1.28 6.05 2.0 11.2 
12.5 149.4 1.99 6.51 6.0 8.6 
18.6 222.3 3.08 7.50 10.0 13.0 
0 Calculated from eqs 2.23, 4.8, 4.11, and 4.12 of Doi, Shimada, 

and Okano.8 

and Lu15 considered coupling of the translational and 
rotational modes to be responsible for the slow mode. As 
was pointed out by B l o ~ m f i e l d , ~ ~  this possibility can be 
ruled out for short rigid rods. It has been shown that the 
dynamic light scattering of solutions of polydisperse, 
strongly interacting polymers can, under certain condi- 
tions, measure the self-diffusion coefficient in addition to 
the mutual diffusion coef f i~ ien t .~~  Let us assume that 
these conditions apply toa system of short DNA fragments. 
For a system of 150 bp nucleosome DNA, the self-diffusion 
coefficient was measured independently using forced Ray- 
leigh light scattering techniques.I2 It was found that the 
self-diffusion coefficient did not coincide with the diffusion 
coefficient of the slow mode D, and did not show the same 
dependence on ionic strength. These results imply that 
the diffusion coefficient of the slow mode is not the same 
as the self-diffusion coefficient of unaggregated DNA. 
Fried and BloomfieldZ6 suggested the existence of a gel- 
like phase in semidilute solutions of 200 bp DNA frag- 
ments. According to these authors, the gellike phase gives 
rise to a slow mode in the autocorrelation function of the 
scattering intensity. However, they reported that the gel- 
like phase was stabilized by small ions. The slow mode 
on the contrary is found to be more prominent at low ionic 
strength. 

An alternative explanation of the slow mode may be 
sought in the DSO spinodal decomposition theory.E This 
theory is constructed for solutions near the critical 
composition C* = 16/rdL2 at which the isotropic phase 
becomes unstable. If the concentration of the solution is 
suddenly brought above C*, an anisotropic phase separates 
from the isotropic phase by spinodal decomposition. For 
solutions in the isotropic phase near C*, DSO-I1 predicts 
that the dynamic structure factor a t  small q should consist 
of two exponentials whose amplitude and relaxation time 
ratios depend on C and C* (eqs 2.23,4.8,4.11 and 4.12 of 
ref 8). For our system of sonication fragments, using the 
diameter of 2.6 nm, we find that a t  the highest concen- 
tration in our study C is only0.2C*. We have, nonetheless, 
compared our values for the amplitude and relaxation time 
ratios with the predictions of DSO-IL8 The results are 
shown in Table VI. There is poor agreement between 
DSO-I1 and our experimental results. Use of the Stigter 
larger effective diameter discussed above does not result 
in any improvement. 

A t  the present, the most plausible explanation of the 
slow mode seems to be the formation of aggregates a t  high 
concentrations. The aggregates are assumed to be large 
relative to l / q .  Aggregation is to be favored by low 
concentrations of low molar weight salt. The formation 
of aggregates is supported by previous observations that 
the slow mode disappears after filtration through 0.22- 
and 0.05-pm pore size  filter^.'^-'^ The slow mode was first 
detectable again - 5 min after filtration. Equilibrium was 
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2 g/L. CONTIN, which appears to be more capable than 
cumulants and two-exponential DISCRETE fits in analyzing 
complex autocorrelation functions, consistently gave two 
modes at  concentrations above 7 g/L, one of which, the 
slow mode, has a rather broad frequency distribution. 

The fast mode reflects the translational diffusion of the 
DNA molecules. The mutual diffusion coefficient ex- 
tracted from the fast-mode decay frequency was observed 
to increase linearly with the DNA concentration. The 
experimental value of the translational diffusion coefficient 
a t  infinite dilution is in excellent agreement with the 
theoretical predictions for rigid rods of Tirado and Garcia 
de la Torre, indicating that DNA fragments with a 
fragment size of 236 bp may still be modeled as rigid rods. 
The experimental value of the thermodynamic virial 
coefficient, Az, is in poor agreement with the theoretical 
value calculated using a diameter of 2.6 nm. Agreement 
is better if an enlarged effective diameter, calculated 
according to Stigter's theory, is used in the calculation, 
indicating that even at  0.2 M NaCl charge effects cannot 
be neglected entirely. Peterson's theoretical expression 
for the friction second virial coefficient, kf, did not predict 
the experimental value very well. More rigorous theo- 
retical work on this quantity for rigid rods should be 
undertaken. Longer DNAs which exhibit more flexibility 
show very different second virial coefficients from the short 
sonication fragments. 

The present results for the slow mode are consistent 
with the formation of large aggregates a t  high DNA 
concentrations. Theories of DLS from hard rigid rods 
such as DSO-16 and the spinodal decomposition theory 
given in DSO-118 are in poor agreement with our exper- 
imental results. The presumed aggregates are probably 
highly polydisperse. There is circumstantial evidence that 
the aggregates increase in size as the polymer concentration 
is increased. 
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