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ABSTRACT: Static and dynamic properties of a DNA fragment of molecular weight 316 800 (contour
length 1632 Å) in semidilute solutions are studied by small-angle neutron scattering (SANS) and static
(SLS) and dynamic light scattering (DLS). SANS experiments in a solution with DNA concentration Cp

) 42 mg mL-1 were performed as functions of added salt concentration Cs and temperature. The resulting
plot of scattering intensity I(q) versus scattering wavevector magnitude q shows the existence of a broad
peak whose position is independent of both Cs and temperature. Additionally, an “upturn” in the small
scattering vector length range (q < 0.01 Å-1) is observed and is temperature-independent. The DLS
time correlation function of the same sample shows the two relaxation modes that have previously been
observed in DNA and other polyelectrolyte solutions as well as an additional “ultra” slow mode whose
corresponding size is much larger than various correlation lengths that may be deduced from SLS
experiments and the upturn in the SANS data for small q values.

I. Introduction
Solution properties of polyelectrolytes differ consider-

ably from those of uncharged polymers. The presence
of charges along the chain leads to complex intra- and
intermolecular interactions that have strong conse-
quences for both the static and dynamic properties of
the system. Such interactions can often be screened by
adding salt to the solution. The study of these interac-
tions involving polyions, counterions, and co-ions has
attracted many researchers, and there has been con-
siderable theoretical1-11 and experimental12-25 work in
this area over the past decade. Experimental tech-
niques that have been used to probe the behavior of such
charged complex systems include static (SLS) and
dynamic (DLS) light scattering, small-angle neutron
scattering (SANS), small-angle X-ray scattering (SAXS),
light microscopy, and more macroscopic techniques such
as solution viscometry.
Static scattering experiments in salt-free solutions

always show the existence of a maximum at a certain
scattering wave vector position, denoted by q*. (It
should be recalled that the scattering vector length is
given by q ) (4πn/λ) sin(θ/2), where λ is the wavelength
of the incident beam, θ is the scattering angle, and n is
the refractive index of the medium.) It has been shown
by several authors that q* scales with the polyelectrolyte
concentration as Cp

1/2 in the semidilute regime and as
Cp

1/3 in the dilute regime. This scattering intensity
maximum disappears progressively as salt is added and
is, consequently, interpreted to result from long-range
electrostatic interactions. These interactions impose a
preferential distance between charged particles and lead
to an “organized” structure characteristic of a cubic
arrangement (q* ∼ Cp

1/3) in the dilute regime and of a
cylindrical or hexagonal packing (q* ∼ Cp

1/2) in the
semidilute domain. We should note that Monte Carlo
calculations26 for rodlike polyelectrolytes using a model
potential also lead to this behavior for q*.

Many theoretical attempts have been made to under-
stand the features of polyelectrolyte systems. These
include the use of scaling arguments, which were
initiated by de Gennes2-4 and further developed by
Odijk,6 and the introduction of effective long-range
attractive forces by Ise12 and Odijk.27,28 There are,
however, still no generally accepted interpretations in
terms of solution intermolecular structure of the SANS
and SAXS scattering peaks and for the upturns in the
SANS and SAXS data in the small q range. In this
paper both the maximum in the SANS scattering and
the low q upturn are investigated as functions of added
salt concentration and temperature. Static and dy-
namic light-scattering experiments are performed to
characterize the system and to further elucidate the
physical significance of the low q upturn.

II. Experimental Section
II-1. Material and Sample Preparation. High molec-

ular weight calf thymus DNA (Sigma D-1501) was dissolved
in 10 M Tris-Cl (pH ) 7.8 at 20 °C), 10 M EDTA to a final
concentration of 2 mg mL-1. A Heat System XL ultrasonic
processor operating at 20 kHz was used to sonicate 5 mL
aliquots of this solution at 0 °C for 5 min each. Following
sonication, all aliquots were recombined and suspended in TE
buffer to 10 mg mL-1. The approximate length of DNA was
determined by agarose gel electrophoresis to be ∼400 bp. The
gels showed that there at least some fragments (200 base
pairs from the average. Repeated phenol-chloroform extrac-
tions were performed to remove any protein from solution.
Residual phenol was removed by performing ethyl ether
extractions, and the ether was removed in a vacuum. DNA
was then ethanol precipitated out of solution and resuspended
in doubly distilled water at a concentration of 50 mg mL-1.
DNA concentrations were determined by UV absorption at 260
nm. The UV absorbances at 280 nm were also measured to
determine the purities of the samples. Any residual NaCl in
solution was removed by dialysis of the DNA solution against
doubly distilled water. This operation was repeated several
times over 4 days (at 4 °C) to ensure a complete “salt-free”
system. Doubly distilled water was prepared by redistilling
deionized water with a Corning Mega-Pure still. After exten-
sive dialysis, UV absorbance gave a final DNA concentration
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of 42 mg mL-1. The other solutions at different salt concen-
trations (5, 10, 100, 250, 500, and 1000 mM NaCl) were
prepared from the stock “salt-free” system by adjusting the
salt content.
II-2. Static and Dynamic Light Scattering. The light-

scattering apparatus used in these experiments utilized a
Spectra Physics Model 165 argon ion laser operating at 4880
Å. The scattered light from an incident vertically polarized
laser beam was measured at different scattering angles in the
range 30-130°. This corresponds to a scattering vector length
range 0.65 × 10-3 < q (Å-1) < 3.01 × 10-3, if the refractive
index of the scattering medium n ) 1.33. Both the static I(q)
and dynamic structure factors ST(q,t) were measured. All
static intensities were corrected for the scattering volume
variation with angle. The laser power used was between 100
and 500 mW. For dynamic light scattering,25 autocorrelation
functions of the scattered intensity were obtained using a
Brookhaven BI9000 autocorrelator. The dynamic structure
factor (total intermediate scattering function) ST(q,t) is related
to the measured homodyne intensity autocorrelation function
G(2)(q,t) by the Siegert relation:24,25

where B is the baseline and R is the spatial coherence factor
dependent upon the scattering geometry and details of the
detection system. The constrained regularization method
(CONTIN) developed by Provencher29 was used to obtain the
distribution A(τ) of decay times. A statistical parameter
“probability to reject” (P) is calculated for each A(τ) generated
by CONTIN. The preferred solution is usually that with a
value of P closest to 0.5.

This method, often in concert with the classical technique of
fitting to sums of exponentials, is now routinely used to
analyze DLS data for polymer systems. It is a powerful
method for the determination of the relaxation modes that
characterize the system dynamics.
II-3. Small Angle Neutron Scattering. SANS experi-

ments were performed on SANSNG3 at The National Institute
of Standards and Technology (NIST, Gaithersburg, MD). The
scattering vector length q ranges from 0.0073 to 0.22 Å-1. This
was achieved by using two distance sample-detector configu-
rations (2 and 7.5 m). All data obtained were treated according
to standard NIST procedures30 for small angle isotropic
scattering (e.g., corrections for transmission and thicknesses
of samples). The temperature was controlled to (1 °C.
Despite the high incoherent background scattering from H,
the contrast between DNA and D2O is not as good as that
between DNA and H2O. Therefore, the solvent used in both
neutron- and light-scattering experiments was ordinary dis-
tilled water (H2O).

III. Results and Discussion
III-1. Dynamic Light Scattering: Dilute Solu-

tion. Dynamic light-scattering experiments were done
on dilute solutions of our DNA in order to characterize
the sample. Figure 1a shows, for instance, two DLS
autocorrelation functions for one dilute and one more
concentrated solution at high added salt concentrations.
The DNA concentrations are CP ) 0.07 mg mL-1

(scattering angle θ ) 90°) and CP ) 0.66 mg mL-1 (θ )
70°), and both solutions contain added NaCl at Cs ) 1
M and are at temperature T ) 20 °C. (One solution is
below the estimated “overlap concentration” C* ) 0.12
mg mL-1 for this DNA fragment that we deduce below,
and the other is above it.) The dots represent the
experimental data, and the solid lines, a single expo-
nential fit. The single exponential fit is clearly not

satisfactory. A more satisfactory fit was obtained to a
sum of two exponentials functions, and the two-
exponential fit was confirmed by CONTIN analysis, as
shown in Figure 1b. The variations of the frequencies
of the two relaxation modes as functions of q2 are shown
in Figure 2. Both the fast and slow modes are, within
experimental error, independent of the DNA concentra-
tion, and the associated diffusion coefficients determined
at low q (D ) (Γ/q2)qf0) are DF ) 1.34 × 10-7 cm2 s-1

and DS ) 2.57 × 10-8 cm2 s-1.
The fast mode is interpreted as in previous work on

DNA31-36 as arising from the dynamics of concentration

G(2)(q,t) ) B[1 + R|ST(q,t)|2] (1)

[G(2)(q,t)
B

- 1]1/2 )∫0∞ A(t) e-(t/τ) dt ) ST(q,t) (2) Figure 1. (a) DLS: Typical autocorrelation function as
measured by DLS on the DNA in “salt-free” and 1 M NaCl
solutions for Cp ) 0.07 mg mL-1 (θ ) 90°) and Cp ) 0.66 mg
mL-1 (θ ) 70°). The dots represent the experimental data, and
the solid line is a single-exponential fit. (b) DLS, CONTIN
analysis. Same system as Figure 1a.

Figure 2. DLS: Variation of the frequencies of the fast and
slow relaxation modes as a function of q2 for the concentrations
shown.
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fluctuations (cooperative mode) of monomeric DNA. Its
extrapolation to infinite dilution would give the trans-
lational self-diffusion coefficient of single DNA mol-
ecules. The hydrodynamic radius obtained from the
Stokes-Einstein relation for this mode at the concen-
trations studied is Rh ) 159.6 Å.
It is possible to calculate the contour length L of the

DNA from the translational diffusion coefficient of the
molecule provided the diameter of the DNA helix and
its persistence length are known. For a perfectly rigid
rod (L , P), the Broersma37 relation may be used

where

An alternative formula for the rigid rod translational
diffusion coefficient has been given by Tirado and Garcia
de la Torre38

In these relations kBT is the Boltzmann energy, p ) (L/
d) is the ratio of the length to the cross section diameter,
and ηo is the viscosity of the solvent. The hydrodynamic
diameter of DNA has been determined by Eimer and
Pecora39 to be 20.5 Å. Our SANS experiments at high
q values (see below) show that 2 times the cross-section
radius of gyration of DNA is about d ) 20.1 Å. Using
this value for d, the above relations give L ) 1396 Å
(Broersma) and L ) 1432 Å (Tirado-Garcia de la Torre).
The validity of the Tirado-Garcia de la Torre relation
is estimated to be in the p range 5 < p < 30. Both
relations indicate that p is about 70 for our DNA.
The DNA of the contour lengths given above is a

semiflexible molecule and deviations from rigid rod
shape should affect the diffusion coefficient. The hy-
drodynamic model developed for wormlike chains by
Yamakawa and Fuji40 gives an expression for the
translational diffusion coefficient of a semiflexible coil
as a function of the persistence length, the contour
length, and the molecular diameter. Sorlie and Pecora41
have shown that this model gives good agreement with
the diffusion coefficients measured in their DLS experi-
ments on DNA restriction fragments in the range from
360 to 2311 base pairs. We reverse this procedure in
our case and use the measured diffusion coefficient to
obtain the contour length. For DNA in high salt content
the consensus persistence length is Lp ) 500 Å. We use
this value, the measured diffusion coefficient and the
DNA diameter given above, and the Yamakawa-Fuji
relation to obtain a contour length L )1632 Å. This
contour length is, of course, larger than that determined
from the rigid rod relations.

The radius of gyration of a wormlike chain may be
found from the Benoit-Doty relation42

Using the consensus persistence length in high salt
content and the value of the contour length determined
above, we find that Rg ) 360.6 Å. Furthermore, using
the hydrodynamic radius determined from the DLS fast
mode, the ratio of the radius of gyration to the hydro-
dynamic radius, Rg/Rh ) 2.26.
An estimate of the “overlap” concentration C* at low

salt content may be calculated from the contour length
L, and molecular weightMw of the DNA and Avogadro’s
number NA:

This relation is appropriate for rigid rod macromol-
ecules. It defines the onset concentration at which there
is an average of one rod in the volume L3. Using the
contour length L ) 1632 Å deduced above from our DLS
measurements, we find C* ) 0.12 mg mL-1. For
solutions with added salt, the molecule should be more
flexible than in low or no added salt solutions and L
would then be an effective length that is shorter than
the contour length.
The slow mode has been the subject of much interest

and controversy in the past decade. It has been
observed in a variety of synthetic and biological poly-
mers, including DNA.31-36 The hydrodynamic radius
associated with this slow mode is Rh ) 835 Å in 1 M
NaCl for our DNA at concentrations up to CP ) 0.66
mg mL-1. It is the same size, about 1000 Å, as found
for other DNAs as well as other polyelectrolytes under
“salt-free” conditions. Several interpretations of the
slow mode have been given: The most common is that
it is due to scattering from aggregates or clusters formed
by multipolymer chain domains. Whether these do-
mains are stable or temporal (due to incomplete solubil-
ity), “filterable” or not, has been a subject of much
discussion.43,44 In this work, among other things, we
confirm the existence of this slow mode, already ob-
served for DNAs under various solution conditions.31-36

We would like to mention also that this slow mode was
in fact observed for our DNA even at relatively low DNA
concentrations. A slow mode has also been observed at
low concentrations for a 20 base pair oligonucleotide.36
We do not speculate further on the physical meaning of
this slow mode, since the literature is already abundant
with possible explanations.
To further elucidate the dynamical behavior of the

DNA solutions, we investigated SLS and DLS from our
DNA system at higher concentrations. In particular we
performed SLS and DLS experiments on the same
solutions where an upturn of the scattered intensity in
the small q range was observed in our SANS experi-
ments (see section III-2.2). If there is a long-range
multichain correlation, we expect that it may be seen
at low q in the SANS, at even lower q in the SLS, and
also as one or more slow modes in the DLS.
III-2.1. SANS: Effect of Salt Concentration.

Figure 3 shows the variation of the SANS scattering
intensity I(q) as a function of q at different added salt
concentrations Cs. The added salt concentrations are
Cs ) 0 (“salt-free”), 10 mM, 50 mM, 0.5 M, and 1 M). In

D )
kBT
3πηoL[ln(2p) + 1

2
(γ| + γ⊥)] (3)

γ| )

-0.193 + 0.15
ln(2p)

+ 8.1
ln2(2p)

- 18
ln3(2p)

+ 9
ln4(2p)

(4)

γ⊥ ) 0.807 + 0.15
ln(2p)

+ 13.5
ln2(2p)

- 37
ln3(2p)

+ 22
ln4(2p)

(5)

D )
kBT
3πηoL

(ln p + ν) where

ν ) 0.312 + 0.565
p

- 0.1
p2

(6)

Rg
2 )

LLp

3
- Lp

2 +
2Lp

3

L
-
2Lp

4

L2 (1 - exp[- L
Lp]) (7)

C* ) Mw/NAL
3
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the “salt-free” case and for our Cp ) 42 mg mL-1, a very
distinct and broad peak with an upturn in the small q
range is observed. The position of such a peak is often
correlated with the main peak in the radial distribution
function for the polymer segments at a radial distance
approximately equal to 2π/q*. Because of this cor-
respondence, we shall call d* ≡ 2π/q* the “Bragg
distance” below.
Although the DNA for this molecular weight is not

expected to be in the rigid rod limit, the position of the
maximum is in good agreement with a model of local
cylindrical or hexagonal order rather than one with a
uniform distribution. The variation of the peak position,
under salt-free conditions, is given as a function of
polyelectrolyte concentration assuming a cylindrical
distribution of the molecules by

where ML ) 194.11 (ML ) m/L is the mass per unit
length; m ) 660 and l )3.4 Å).
Similar theoretical variations of q* are given for

hexagonal packing, q* ) 2π[sin 60° Cp (g/cm3)NA/ML]1/2,
and for a uniform distribution, q* ) 2π[CP (g/cm3) NA/
Mw]1/3, for comparison. From our peak position data and
those reported by Wang and Bloomfield15 for a DNA
sample with contour L ) 500 Å, we find that the
uniform distribution is unsatisfactory. Although the
difference between the cylindrical and hexagonal pack-
ings is not very large, the data seem to agree best with
the cylindrical local order. It is worth noting from a
comparison of our results with those of Wang and
Bloomfield that the peak position is independent of
the molecular weight in the semidilute range of con-
centration. In our experiments, one observes that the
addition of a simple electrolyte (NaCl) decreases the
peak intensity and maintains its position roughly
constant. When enough salt is added, the scattering
behavior is closer to that of a neutral polymer. For
example, this neutral type behavior is reached for
Cp ) 42 mg mL-1 at values of Cs above about 300 mM
NaCl. This behavior is a reflection of the electro-
static nature of the peak. A progressive screening of
electrostatic forces is observed when Cs increases and
neutral behavior is eventually recovered. All these
features, except the constancy of the peak position upon

adding salt, have been reported by several other
authors3,12,14,16,21-23 with, however, differing interpreta-
tions, as we discuss below.
It is worth noting that the equivalent interparticle

distance (the Bragg distance obtained from the peak
position, d* ) 2π/q*) does not change with ionic strength
in our experiments. For this DNA system at concentra-
tion Cp ) 42 mg mL-1, where q* ) 0.062 Å-1, the Bragg
distance corresponds to d ) 101.3 Å. On the other hand,
for q < q*, the scattering intensity is very sensitive to
the addition of salt and for q > q*, I(q) preserves a level
of scattering close to the value in the absence of salt as
expected by most theoretical models for electrostatic
interactions in the semidilute range of concentration.
It is finally interesting to note that there is a sort of
“isobestic” point located at roughly q ) 0.05 Å-1 (d )
125.7 Å) where all the intensities are independent of
the salt concentration. So far no theoretical model has
been formulated to explain this observation, although
it is common to several different polyelectrolyte sys-
tems.17,21

Our results differ from those reported by Wang and
Bloomfield15 in two respects. One is the effect of salt
on the peak position discussed above and the other
concerns the behavior of the intensity at small q values
(q < 0.02 Å-1). The effect of salt is very different from
that reported by Wang and Bloomfield15 when using
SAXS on their DNA system at Cp ) 72 mg mL-1. Their
results show a peak position that is strongly dependent
on the added salt concentration. The interpretation
given for this dependence is that a transition from
hexagonal packing to a uniform distribution of the DNA
molecules occurs as salt is added. The only difference
between the Wang and Bloomfield15 system and the one
used in the present work is the DNA contour length.
Indeed, in our system the DNA contour length is about
1632 Å, whereas in ref 15 it is about 500 Å, which is
also approximately the persistence length at high salt.
We do not have any explanation for why the peak
position should depend on the added salt concentration
for persistence length DNA molecules and be indepen-
dent of salt for longer lengths. More recent SAXS
experiments on relatively dilute solutions of 150 and
22 000 base pair DNA,45 (DNA concentration ranging
from 2 to 10 mg mL-1) shows that there is little change
in the position of the maximum of the scattering
intensity with added salt concentration. In fact, q* goes
to slightly higher values as the salt content is increased,
which is in the opposite direction from the Wang and
Bloomfield15 results. The effect of salt on the peak
position is still not very well understood. Different
systems, and sometimes even similar systems, show
different behaviors leading to different interpretations
and speculations.
III-2.2. SANS: Upturn and Asymptotic Behav-

ior. Although the low q upturn has been observed in
many polyelectrolyte experiments, there is still a lack
of understanding of its physical meaning. As has been
discussed above, the upturn is clearly observed in our
experiments (see Figure 3), whereas it was not reported
in the SAXS experiments of Wang and Bloomfield.15
This may be due to the geometry of the X-ray apparatus
limiting the range of angles that could be studied. Data
at angles corresponding to q below 0.03 Å-1 were not
reported, and the upturn could appear in this region
for their sample. The physical interpretation of the
upturn still constitutes a challenging problem. One way

Figure 3. SANS: Effect of added salt. Variation of I(q) as a
function of q for (Mw ) 2.92 × 105, Cp ) 42 mg mL-1) DNA at
different added salt concentrations, Cs.

q* ) 2π[πCp (g/cm
3) NA

4ML
]1/2 (8)
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of addressing this problem46 is to analyze the data in
terms of Guinier methods. At small angles, the scat-
tering intensity can be approximated by the Guinier
equation, yielding an overall apparent radius of gyration
Rg,upturn

Strictly speaking, Guinier techniques apply only to
dilute solutions. Our point of view, however, is that this
apparent radius of gyration could correspond to a dilute
aggregate or it could simply be a correlation length
giving the scale of a (dilute) local inhomogeneity. We
have analyzed our data within this framework for
different salt concentrations. This is illustrated in
Figure 4 where ln I(q) is plotted against q2 and where
only the linear part of the scattering data has been
taken into account for the analysis. The results of the
fit are listed in Table 1. The apparent radius of gyration
decreases from 219 to 135 Å when the added salt content
increases from “salt-free” to 1 M. These values are too
small to be compared to the size of even single chain
DNA (Rg ) 361 Å) at infinite dilution.
We give an argument similar to that given by Mat-

suoka, Schwann, and Ise46 in analyzing the SANS
upturn region of aqueous solutions of sodium poly-
(styrenesulfonate). They argue that the apparent Rg is
due to a cluster of chains packed a distance d* apart.
We calculate the radius R ) (5/3)1/2Rg corresponding to
this radius of gyration and then estimate how many
cylinders of length 2R can be packed in a spherical
volume corresponding to this radius if they are d* apart.
The volume allocated to one cylinder is Vchain ) π(d*/
2)22R. The number N of chains in each cluster is then
approximated byN ) (4/3)πR3/Vchain. The results of this
rather rough analysis are given in Table 1. The results
show that N estimated in this way varies from about
21 cylinders of length 2R (parts of DNA molecules) in
the “salt-free” solution to about 5 at 1 M NaCl. As we
discuss below, however, static and dynamic light-scat-
tering experiments indicate that the neutron q domain
investigated does not attain q small enough to extract
an overall correlation length that can be identified as
the whole size of the scattering domain.
We have also analyzed the asymptotic behavior at

large q values (I∼ qR). In excess of salt (Cs ) 1MNaCl),
we obtain R ) -1, which is in perfect agreement with
the value we expect for a rigid rod. Indeed, at this scale
of q the DNA is rigid and independent of molecular

weight. For the “salt-free” solution or for low ionic
strengths (e.g., up to Cs ) 300 mM NaCl), the analysis
of the asymptotic behavior for q > q* gives, however,
an exponent R very close to -2. To our knowledge, such
an analysis has never been done before and the value
of the exponent would suggest a locally Gaussian
distribution of DNA segments.
The asymptotic behavior of I(q) at high qmay be used

to determine the cross-sectional diameter Rc of the DNA
chain. We use the expression for the scattered intensity
at very high q for a molecule that is assumed to be rigid
and cylindrically shaped,47

From the slope of our plot, we obtain an estimate for
the cross-sectional radius of gyration for the DNA Rc )
10.05 Å. This radius, within experimental error, is
found to be independent of salt concentration. This is
in excellent agreement with the Rc determined by SAXS
studies of short and long DNA in dilute solution in the

Figure 4. SANS: Variation of ln I(q), in the Guinier ap-
proximation, versus q2.

ln I(q) ) ln I0 - q2Rg,upturn
2/3 (9)

Figure 5. (a) SANS: Effect of temperature. Variation of I(q)
versus q for salt-free solutions at the various temperatures
shown (region of the maximum). (b) SANS: Effect of temper-
ature. Variation of I(q) versus q2 for salt-free solutions at the
various temperatures shown (region of the upturn).

Table 1. Characteristic Sizes, SANS Upturn Domain

Cs )
0

Cs )
10 mM

Cs )
50 mM

Cs )
0.1 M

Cs )
0.5 M

Cs )
1 M

Rg (Å), upturn 219 208 189 178 141 135
R (Å) (sphere) 282 268 244 229 182 174
Na 20.6 18.6 15.5 13.6 8.6 4.7

a N is calculated as described in the text using d* ) 101.3 Å.

I(q) ) I0e
-q2R2c/2 (10)
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presence of NaCl.45,48,49 This radius is also comparable
to the hydrodynamic radius of DNA, 10.5 Å, determined
by measurements of translational and rotational diffu-
sion coefficients of oligonucleotides in dilute solution by
Eimer and Pecora.39

III-3. SANS: Effect of Temperature. It is worth
noting that some polyelectrolytes may undergo a phase
transition to a mesophase.4,50-53 This often occurs as
the temperature changes or when the charge density
decreases, resulting in a decrease in the quality of the
solvent. For our DNA sample, the shape of the SANS
result, namely I(q) versus q, is not very sensitive to
temperature changes over the range 5-45 °C. This is
not surprising since DNA belongs to the class of highly
charged and relatively rigid polyions. This behavior is
illustrated in Figure 5a. There is a slight broadening
of the maximum and a decrease in peak height with
increasing temperature. This is consistent with the
slight increase of thermal motion. The same observa-
tion has been made on other systems.54 On the other
hand, the values of I(q) in the upturn area are sensitive
to the temperature, as shown in Figure 5b. However,
as may be seen from the slopes, the size associated with
the upturn does not change with temperature
III-4. Static and Dynamic Light Scattering:

Upturn Domain. Two solutions were chosen to inves-
tigate the upturn and its relation with the corresponding
characteristic size revealed by static and dynamic light-
scattering experiments. The light-scattering experi-
ments were performed on the same solutions used for
SANS, namely C ) 42 mg mL-1: “salt-free” and 1 M
NaCl. The SLS intensity as a function of q, I(q), is
plotted in Figure 6a. One observes that I(q) increases
sharply as q decreases. This behavior indicates the
existence of large size aggregates (or a large correlation
length). This is illustrated in Figure 6b where ln I(q)
is plotted as a function of q2, yielding “apparent” radii
of gyration of about 1400 Å for Cs ) 1 M NaCl and 1490
Å for the “salt-free” solution. These values are very
large compared to those extracted from the low angle
upturn in the SANS experiments (see Table 1). It is
clear that the neutron experiments did not attain low
enough q values to give an overall size.
Typical DLS intensity autocorrelation functions at a

scattering angle θ ) 90° and T ) 25 °C are displayed
in Figure 7a for both salt-free and 1 M NaCl solutions.
Obviously, a single-exponential cannot describe the
autocorrelation functions. Analysis of the data with
CONTIN and multiexponential fits shows that the
autocorrelation functions are best described by three
relaxation modes (see Figure 7b). In 1 M NaCl, the fast
mode D ) 1.33 × 10-7 cm2 s-1 is identified with the fast
mode measured for very dilute solutions. Within ex-
perimental error, it is found that the fast mode does not
change with DNA concentration. The second mode for
the “salt-free” solution (D ) 6.5 × 10-10 cm2 s-1) and
that for 1 MNaCl (D ) 7.47× 10-10 cm2 s-1) correspond,
we believe, to the slow modes measured in more dilute
solutions. The diffusion coefficients of these modes
usually decrease with increasing DNA concentration, in
contrast to the fast mode, which is observed in this case
to be essentially constant. The physical meaning at-
tributed to these two relaxation modes, found also in
other systems, has recently been addressed extensively
by Sedlak.44

In both of our nondilute solutions, however, the main
contribution to the dynamics (amplitude about 70% of

the total amplitude) comes from an “ultra” slow mode
(D ) 3.56 × 10-12 cm2/s for “salt-free”; D ) 1.71 × 10-12

cm2/s for 1 M NaCl solution). Similar observations on
concentrated DNA solutions have been made by Wis-
senburg et al.27 They observed ultra slow modes in DLS
experiments on 160 base pair DNA fragments above a
certain critical concentration that increases with in-
creasing added salt concentration. These authors, in
addition to dynamic light scattering, have also per-
formed cryoelectron microscopy experiments. In the
solutions in which ultra slow modes are observed in the
dynamic light scattering, what appear to be loose
aggregates of DNA globules are observed in the electron
micrographs.

IV. Conclusion
In this paper we have investigated the structure and

dynamics of DNA solutions in the dilute and semidilute
range of concentrations at different temperatures with
and without added salt using small angle neutron
scattering and static and dynamic light scattering. The
SANS results in the semidilute solutions show the
existence of a single, pronounced peak in the scattered
intensity whose position scales with the DNA concen-
tration as q* ∼ Cp

1/2 and remains unchanged for
different ionic concentrations and temperature. This
latter result on the lack of a salt effect on the peak
position contrasts with that from SAXS observations by
Wang and Bloomfield15 on persistence length DNA.

Figure 6. (a) Static light scattering: Variation of I(q) versus
q for salt-free and 1 M NaCl solutions (b) Static light
scattering: Variation of ln I(q) versus q2 for salt-free and 1 M
NaCl solutions.
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In addition to the peak discussed above, there is a
distinct upturn of scattered SANS intensity in the very
small q range (typically, q < 0.02 Å-1) for all studied
samples. Similar behavior has been observed in the
SANS data in other systems, for instance, flexible
polyelectrolytes (PSSNa)14 and polysaccharides.21 The
region of this upturn was studied also by means of static
light scattering, and the results show that the overall
size values are very large compared to those extracted
from the low angle upturn in the SANS experiments
and suggest that caution has to be taken in extracting
“sizes” from the very low angle SANS data.
Finally, the DLS experiments performed at different

DNA and added salt concentrations show that in addi-
tion to the well-documented two modes (cooperative and
slow), there is an “ultra slow mode”, suggesting the
existence of large aggregates. These aggregates have
been directly observed by other authors28 using cryo-
electron microscopy.
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