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ABSTRACT: We report the measurement of the elongational stress growth coefficient of a dilute solution
of A-phage DNA molecules in sugar and corn-syrup solvent mixtures under excess salt conditions. The
stress growth is measured using a filament stretching rheometer, at strain rates far exceeding the inverse
relaxation time of the DNA molecule. The DNA molecule is assumed to behave like a long chain polymer
molecule under good solvent conditions, and the observed behavior is modeled using a bead—spring chain
model for the DNA. Excluded-volume (EV) effects are accounted for by a narrow-Gaussian repulsive
potential between the beads, hydrodynamic interactions (HI) between beads are approximated by the
Rotne—Prager—Yamakawa tensor, and the finite length of the DNA molecule is treated by springs whose
force—extension behavior mimics that of a wormlike chain. By combining a Brownian dynamics simulation
of the chain along with the recently introduced method of successive fine graining [Sunthar, P.; Prakash,
J. R. Macromolecules 2005, 38, 617], predictions of the stress growth coefficient are obtained which are
insensitive to the microscopic interaction parameters for EV and HI.

1. Introduction

Experiments on a dilute solution of DNA molecules
subjected to flow are of interest in validating statistical
theories of long chain polymer molecules,! in general,
and for the design of microfluidic devices?? such as those
used for DNA size separation, in particular. Predomi-
nantly to date, experiments in elongational flows*5 have
been conducted in cross slot cells and the various
conformations adopted by the DNA molecules have been
observed under a microscope. The observed behavior has
been successfully predicted by invoking theoretical
descriptions of dilute polymer solutions.®~8 However,
with stagnation point flow devices such as the cross slot
cell, it is not possible to obtain the true elongational
viscosity of the solution; only an effective elongational
viscosity can be obtained due to the nonuniform resi-
dence time of the molecules, as they pass through the
device.? A filament stretching rheometer (FSR) is com-
monly believed to be the best way to obtain reliable
estimates of the elongational stress of a polymer solu-
tion.1® We report the measurement of the stress growth
(from equilibrium to steady state) of a dilute solution
of A-phage DNA molecules subjected to uniaxial elon-
gational flow in an FSR. We also apply our earlier
theoretical treatment® using a bead—spring chain model
for the DNA molecule to predict the stress growth.

In a filament stretching rheometer, a polymer solution
sample is placed between two plates initially at rest,
which are subsequently moved apart at a controlled
exponential rate. This generates a stretching liquid
bridge undergoing a constant strain rate uniaxial elon-
gational flow near its midpoint.11-12 The force required
to bring about the separation is dependent, among other
factors, on the stress due to the polymers being extended
from their equilibrium coillike shape to extended shapes.
The stress is obtained by measuring this force at one of
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the end plates and the midpoint diameter of the fila-
ment.!? By carefully choosing a solvent and an extension
rate, it is possible to isolate the polymer contribution
to the stress from other factors such as gravity, surface
tension, and inertia.l® The FSR procedure has been
standardized!* to remove various nonidealities in the
flow kinematics!® and provides the most reliable mea-
surement of the elongational stress of a dilute polymer
solution currently available. McKinley and Sridhar!®
have recently presented a review of the filament stretch-
ing rheometry. The extensional rheology of dilute solu-
tions of polystyrene at various concentrations and mo-
lecular weights is one of the most well-studied sys-
tems using the filament stretching rheometer.1® While
dilute solutions of stained DNA have been used to study
the behavior of the conformations in shear!'’-!8 and
extensional flows,*® the present study is the first to
quantify the elongational stress of such solutions using
the FSR.

The theoretical treatments of the rheology of dilute
polymer solutions start with a mechanical model for the
polymer molecule, such as the bead—spring chain model,
subject to various solvent forces. The behavior of the
solution subject to flow is obtained by writing a kinetic
equation for the distribution function of the bead
positions and momenta. The macroscopic observables,
such as the mean size of the polymer or the stress due
to it, can be obtained from the distribution function by
taking suitable averages using the standard methods
of statistical mechanics.!® It is currently understood that
a realistic model requires the incorporation of solvent-
mediated hydrodynamic interactions (HI) between the
beads, finite length extensibility of the spring, and
excluded-volume (EV) interactions.?? While simplified
models, such as Zimm’s treatment using linear (Hookean)
springs with preaveraged HI,?! provide closed form
solutions for the macroscopic observables, the inherent
assumptions become invalidated in strong flows. The
behavior of the model with all the above nonlinearities
can be examined by using a Brownian dynamics simu-
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lation (BDS) of the polymer chain which provides an
“exact” solution (within simulation error bounds) to the
governing equations. BDS have been carried out for
DNA and polystyrene systems subject to extensional
flow and quantitative agreements with experiments
were obtained.®” However, this agreement was obtained
only by using different kinds of parameter fitting
procedures. As has been discussed previously in ref 8,
fitting the model interaction parameters for EV and HI
is necessary when a bead—spring chain model with a
finite number of beads N is used. A procedure termed
successive fine graining (SFG) has recently been intro-
duced by Sunthar and Prakash® and Prabhakar et al.?2
by which exact parameter determination at finite N is
circumvented. In the SFG procedure, a polymer of finite
length is represented by an increasingly larger number
of beads N, with the model interaction parameters
chosen arbitrarily initially and subsequently modified
by a systematic procedure, as described in ref 8, as N is
increased. The quantities of interest obtained from the
model (in equilibrium or in flow) are then extrapolated
to the limit (N — 1) — Ny, where Ny is the total number
of Kuhn segments in the polymer chain. For sufficiently
large Nk, it was shown that the macroscopic equilibrium
properties of the chain are truly independent of the
microscopic interaction parameters for EV and HI.8 A
similar behavior is seen with respect to flow properties,
except that they are now insensitive to the interaction
parameters in a range of values. This was demonstrated
in the cases of the average stretch of DNA in elonga-
tional flow® and the elongational viscosity of polystyrene
solutions.?2 In ref 22, excluded-volume interactions were
ignored as the polystyrene solution was assumed to be
at its O-temperature. While the present work has similar
goals as ref 22, viz., to predict the growth of elongational
viscosity (or the stress growth coefficient), here excluded-
volume effects are included as they have been shown
to be crucial to obtain an accurate description of DNA
solutions of the kind used in the present experiments.®
Excluded-volume effects become important in flexible
polymers when monomer segments, though distant
along a chain, interact to repel each other as they come
close to each other in space. This interaction, which is
absent in ideal chains obeying Gaussian statistics (or
at 0 conditions), leads to a swelling of the polymer size!
and modifies both equilibrium and rheological proper-
ties. In the case of DNA solutions, the charged backbone
of the DNA leads to long-range interactions, and as a
result the molecule is normally not flexible; however,
in the presence of excess salt the electrostatic repulsion
is screened,?® leading to an effective short-ranged repul-
sion. The DNA chain is then expected to behave like a
neutral polymer in a good solvent. To obtain quantita-
tive agreement of the behavior of DNA molecules under
flow, therefore, EV interactions need to be incorporated.
In this work we predict the elongational stress growth
of a dilute solution of DNA molecules in terms of a well-
studied equilibrium measure of EV effects, namely the
solvent quality parameter z. The procedure adopted here
is based on the method introduced recently in ref 8.
The solvent quality parameter z is defined as

z=v,(1—T/T) VM (1)

where T is a temperature above the 6-temperature T',
M is the molecular weight of the polymer, and vy is a
chemistry-dependent constant. z represents a scaling
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variable that can be used to describe the crossover from
ideal chain molecular weight scaling to the scaling
observed in a good solvent. Thus, certain ratios of
equilibrium properties of various polymer—solvent sys-
tems at various temperatures can be collapsed onto an
unique master curve as a function of z, by suitably
choosing the chemistry-dependent proportionality con-
stant vy in the above relationship.242> The value of z
reflects the “goodness” of the solvent, as it goes from z
= 0 (theta) to z — . The significance of using z to
characterize polymers in good solvents is elucidated by
the two-parameter theory, which states that the static
and dynamic properties of a long chain polymer are
determined by just two parameters, namely, the radius
of gyration of the chain at 6-conditions Rg and the
solvent quality z.26 The two-parameter theory has been
extensively studied using renormalization group calcu-
lations of EV interactions.?’

While the understanding of EV effects on the scaling
of equilibrium properties is at an advanced level, such
rigor has not yet been attained in the study of rheologi-
cal properties. Numerous groups®28-33 have used mo-
lecular simulations of models such as bead—spring or
bead—rod chains to study the influence of EV interac-
tions on elongational flow properties. EV interactions
between the beads are typically incorporated by using
Lennard-Jones-like potentials or by purely repulsive
potentials, such as a Gaussian potential. In the absence
of studies to link the parameters in these models to the
solvent quality parameter z, the powerful results of the
two-parameter theory cannot be used, and to compen-
sate for it, one or more parameters in the interaction
potential need to be fitted to match a restricted choice
of equilibrium properties.

With a Gaussian EV potential 3 however, it is easy
to relate the solvent quality for small values of z to the

model parameter z* through z = z*v/N, where z* is the
strength of the potential and N is the number of beads
in the chain.?536 Recently, it was shown using exact
calculations with BDS that this relationship for a
Gaussian potential is valid even for large values of z,
and the experimentally observed swelling of the radius
of gyration2 can be accurately predicted.?” The treat-
ment in ref 37, which was restricted to chains with
Hookean (linear) springs, was extended by Sunthar and
Prakash?® to springs obeying more general force laws,
such as FENE and wormlike force laws, and it was
shown that the interaction potential is rescaled by the
average equilibrium length of a single spring y, so that

z = (z*/x®/N. Since the whole methodology was de-
veloped in the context of BDS, it becomes possible for
the first time to include fluctuating hydrodynamic
interactions and to study the influence of EV interac-
tions in flow using a value for the solvent quality z that
can be uniquely determined from experimental mea-
surements at equilibrium. In ref 8 this procedure was
applied to predict the evolution of the stretch of A-DNA
in elongational flow reported by Smith and Chu.* The
effect of the equilibrium solvent quality was shown to
have a pronounced effect on the rate at which the -DNA
molecule unravelled from a coil to a stretched state
under elongational flow. In the present work, a similar
procedure is applied to predict the elongational stress
growth of -DNA and to examine the influence of solvent
quality on the predictions.

The experimental methodology and the solutions used
here are described in section 2. The model details, the
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Table 1. Main Components of the Solvents Used in This

Work
label sucrose (wt %)  corn syrup (wt %)  water (wt %)
DNA-2 22.3 45.8 32.1
DNA-5 61.2 0 38.8

equations governing its dynamics, the simulation meth-
odology, and the method of successive fine graining are
reviewed in section 3. The measured elongational stress
growth of A-DNA in sugar-corn syrup solutions, theo-
retical predictions, and the role of solvent quality are
discussed in section 4.

2. Materials and Experimental Methods

We have conducted elongational flow experiments on several
solutions of 2-DNA to simultaneously observe the conforma-
tional behavior of A-DNA and measure the stresses developed
by the solution. However, in this article we report the
measurements of the elongational stress growth coefficient in
only two of these solutions. The two fluid samples studied in
this work, labeled DNA-2 and DNA-5, were prepared by
dissolving a small amount of A-DNA (New England Biolabs,
procured as a solution of 0.5 mg/mL) in two buffer solvents.
(The solution also consisted of a small amount of fluorescently
stained A-DNA, using the dye YOYO-1 from Molecular Probes
Inc., to enable its conformational measurement, the results of
which will be published elsewhere—they are not directly
relevant to the study reported in this publication.) The solvents
mainly consist of saturated sucrose (at 21 °C) and corn syrup
in varying proportions as indicated in Table 1. The buffer
solution consists of 2 mM EDTA, 10 mM NaCl, 10 mM Tris
HCI (pH = 8), 50 ug/mL glucose oxidase, and 10 ug/mL catalase
(both from Boehringer Mannheim Gmbh, Germany) and 4 vol
% [(-mercaptoethanol to prevent the stained A-DNA from
photobleaching.?®

A-DNA has a linear double-stranded helical structure,
containing 48 502 basepairs (with a molecular weight of 650
g/mol per basepair), leading a total molecular weight of M ~
31.5 x 10%. The contour length of unstained A-DNA is ~16.5
um, and staining increases it to ~22 ym. Thus, the solution is
not strictly monodisperse. However, since the -DNA concen-
trations are such that the ratio of stained to unstained .-DNA
is nearly 1:850, we assume that the contribution to the solution
stress from A-DNA is mainly from the unstained A-DNA.40

The physical and linear viscoelastic properties of the two
solutions are tabulated in Table 2. The polymer contribution
to the zero shear viscosity (1,) was obtained from a oscillatory
shear experiment, in the limit of zero frequency of oscillation.
This provides a means to obtain a characteristic relaxation
time of the 2-DNA molecules and also characterize the dilute-
ness of the solution. We have also conducted shear experiments
in a solution similar to DNA-2, but with a lower A-DNA
concentration of ¢ ~ 20 ug/mL. This gives 7,/(cns) of ~0.0221
mL/ug. Together with the data shown in Table 2, this suggests
that the A-DNA solution considered in this work can be
considered dilute, since there is no variation in the value of
n/(ens) with concentration. We therefore take the intrinsic
viscosity to be [17]o = 0.023 &+ 0.001 mL/ug, obtained by taking
an average of the three measured zero shear rate viscosities.
(In arriving at this value, it has been assumed that the various
solvents considered here have the same solvent quality for
A-DNA and vary only in their viscosities. Some justification
for this assumption can be seen in Figure 5, where the
measured elongational viscosity does not show any appreciable
difference across the solvents.) The argument that the solu-
tions are dilute is also consistent with a recently reported
theoretical estimate of the radius of gyration of A-DNA in a
similar solution. In ref 8, a value for the radius of gyration of
unstained A-DNA in the solution considered in ref 4 was
suggested to be around 0.608 um (at a solvent quality z = 1;
these calculations are also given in section 4.3). This gives a
overlap concentration of ¢* = 55.6 ug/mL, which is well above
the concentrations of A-DNA considered in the present work.
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Note that the solution used in ref 4 was also a sugar solution,
similar to the DNA-5 solution considered here.

It is possible to define a characteristic relaxtion time of
A-DNA in the solution obtained from the intrinsic viscosity.
The relaxation time is defined as

 nloM 7,
=N T )

where N, is the Avogadro number and % is the Boltzmann
constant. All experiments were carried out at a constant
temperature of 21 + 0.5 °C. The characteristic relaxation time
obtained this way is also shown in Table 2.

The elongational stress growth coefficient (or the extensional
viscosity) of the two solutions was obtained using the filament
stretching rheometer (details of which have been published
earlier in refs 41 and 14) for various strain rates by a “master
curve” technique.'® The strain rates for the extension were
chosen such that an uniform extension of the filament was
obtained. Since the DNA-5 solution has a low zero shear
viscosity, a high strain rate of around 50 s~! was required to
prevent the gravitational sagging of the filament as it was
being stretched. Under these conditions, the variation of
midpoint diameter could no longer be tracked by the standard
laser technique used in our FSR assembly.'® Alternatively, the
midpoint diameter of the filament was calculated from a video
recording using a high-speed digital camera (Phantom 5 from
Vision Research, Inc.), which is capable of handling up to 1000
frames/s. Additionally, to enhance the signal-to-noise ratio for
the low values of stresses measured, the force transducer was
kept stationary on the top plate of the FSR (only the bottom
plate was subjected to motion). The inertial contribution to
the stress, calculated using Szabo’s equation,*? was found to
be negligible even at this high strain rate. The strain rates
used for the experiments are shown in Table 2. The strain
rates therefore far exceed the characteristic inverse relaxation
time (4, D).

3. Model and Simulation Method

3.1. Governing Equations. In this work a dilute
solution of DNA molecules is modeled as an ensemble
of noninteracting bead—spring chains, each of which has
N spherical beads (which act as centers of hydrodynamic
resistance) connected by massless springs representing
an entropic force between two points on the polymer
chain. The equations governing the motion of the beads
is written as a stochastic differential equation, equiva-
lent to a Fokker—Planck equation for the time evolution
of the probability distribution function of the configu-
ration of the bead positions.!43 In this paper we will
use index (or indicial) notation using subscripts to
denote vectors and tensors; a Greek subscript u, v, ... =
[1, 2, ..., N] will denote the bead index, and a Roman
subscript i, j, ... = [1, 2, 3] will denote the Cartesian
coordinate index. The displacement of a bead position
AR,; during a finite time increment At, correct to ((At),
is given by?3

1 1
ARﬂi = KiJR‘ujAt + ZDuviijjAt + \/_§BuvijAij (3)

where the summation convention is implied for repeated
indices. In the above equation, R,; is the bead position
vector matrix, «;; is the time-dependent, homogeneous,
velocity gradient tensor of the surrounding fluid motion,
D,,; is the diffusion tensor, F,; is a matrix of the total
body force acting on the beads, B,,; is taken as the
square root matrix of D,,;; defined as BpirBygjr = Dyuvij,
and AW,; is an increment to the Weiner process W,; such
that the elements of the matrix AW,; are Gaussian
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Table 2. Physical and Linear Viscoelastic Properties of the Two Fluid Samples Measured at 21 °C*

sample ¢ (ug/mL) p (g/mL) np (Pas) ns (Pas) npl(ens) (mL/ug) Ay (8) e(s™hH
DNA-2 35.9 1.36 0.31 0.37 0.0233 109 5.6—20.6
DNA-5 35.6 1.30 0.049 0.058 0.0237 17 53.4

4@ ¢ is the concentration of 1-DNA, p is the mass density of the solution, 7, is the polymer contribution to the zero shear rate viscosity
of the solution, 7; is the viscosity of the solvent, and 1, is a relaxation time obtained from the intrinsic viscosity, defined in eq 2. The
strain rates (¢) used for the elongational stress measurement are also indicated here.

distributed with zero mean and variance A¢. All the
lengths have been scaled by the equilibrium length of a

single linear spring lgy = vET/H, times have been
scaled by Ay = {/4H, and energy has been scaled by k7.
In these expressions, H is the linear spring constant and
¢ = 6mnsa is the Stokes friction coefficient of a spherical
bead of dimensional radius a in a solvent of viscosity
7s-

One of the contributions to the total body force F,;
acting on a bead arises from the net entropic spring force
(F;) due to the connector forces from the springs
adjacent to a bead: F}, = F(@Q,) — F,_,(Q,-1), where
®, = R,+1j — R,j is the matrix of connector vectors
between adjacent beads. For DNA a commonly employed
spring model is one that mimics a wormlike chain
(WLC) force—extension behavior. It is written as an
interpolatory formula between the limits of the Hookean
force regime and the regime close to the full extension.*
This provides a finite length extensibility to a single
spring and by implication to the chain of springs. The
connector force of a WLC spring with a connector vector
Q; is given by

1 4 1

Ql6q 7 1-q)*

13

-1 4)

where g = \/Q,Q/+/b is the magnitude of the connector
vector normalized by the fully stretched length. Here,
b is the square of the fully stretched length of a single
spring. The second contribution to the body force comes
from the pairwise excluded-volume interaction between
the beads. Here we use the force derived from a narrow-
Gaussian repulsive potential.3* The EV force between
two beads connected by the vector r; is given by

F(r) = %e—rzﬂd r, (5)

where r = ﬁ is the magnitude of ;. The EV force
above is parametrized by z*, a nondimensional volume
representing the strength of EV interactions, and d*, a
characteristic length of the range of interactions. The
total body force on a bead u is therefore given by F,; =
F, + SN Fi(rui), where 7, is a tensor of connector
vectors between beads with indices # and .

We assume solvent-mediated hydrodynamic interac-
tions (HI) to be present between the beads. The diffusion
tensor in this case is Dy;; = ;0 + Quij, where 0y is
the Kronecker delta and Q,,;; = Q;/(r:) is taken to be
the regularized Rotne—Prager—Yamakawa (RPY) HI
tensor,* whose functional form is given by

J
2
r

rir;
Q,r) = lglaij +Q, ] 6)

where for r > 2V/7h*

_3VahH, | 2mh¥
Q= 1 r(1+3 rz)’
22
q, = 3T h* 1—2nh—) (7)
4 r2
while for 0 < r < 2v/7h*
_4_9 1 _3_r
& =1 32 p /o 2 32 px /7 ®

In eq 3, the square root matrix B is obtained using a
Chebyshev polynomial approximation of the square root
function, originally proposed by Fixman*% and recently
refined with an iterative scheme to maintain the ac-
curacy of the approximation.*” The stochastic differen-
tial equation is solved using a semiimplicit iterative
scheme at each time step.33 Averages of the configura-
tion-dependent properties are obtained by simulating
a large ensemble of trajectories. Each of the trajectories
is started by sampling the initial configuration from the
known distribution function at 6-conditions.!® It is then
equilibriated without the flow field to the given solvent
conditions (with HI ignored for faster computation). This
is followed by subjecting it to an uniaxial elongational
flow field. The velocity gradient tensor in this case is
given by

1 0 0
1
=0 ~2 0 )
1
0 O 3

where ¢* is the (scaled) strain rate. For the simulations
with flow, a time increment of Az = 0.01 was used which
provided a converged solution for the ensemble aver-
ages.

It is appropriate to introduce some definitions at this
point that will be used in the following sections. For the
model described above the mean equilibrium radius of
gyration at f-conditions is given by

2 —
R =10 gy (10

where y = x(b) is the characteristic equilibrium length
of a single spring, defined by

®,Q,0
3

22(b) = (11)

where @; is the end-to-end vector for a single spring with
a given value of b. y needs to be evaluated numerically
in the case of a WLC spring-force model, as shown in

the Appendix B of ref 8. The fully stretched length is
given by

Ly=ON - 1)Wb (12)
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A useful way to represent the ratio of these two length
measures is the number of Kuhn steps (or Kuhn
statistical segments) Ny, defined as

L 2
No=——2 (13)
£ B8R

3.2. Parameter Values and Successive Fine
Graining. To be able to simulate a given DNA chain,
the model parameters N, b, h*, z*, d*, Iy, and Ay need
to be identified.® The procedure commonly adopted is
to choose the parameters such that the model repro-
duces certain measured equilibrium properties of the
DNA chain. Except for some simplified cases, such as
that of a chain of Hookean springs (b — «) at #-condi-
tions (z*, d* = 0), it is tedious to estimate the param-
eters for a finite NV model. Even if one such parameter
set is found, such as the one chosen in ref 6 for .-DNA
in a sugar solution, it is not guaranteed that the
predictions in flow will correspond to that of the DNA
molecule. For example, in ref 5 it was reported that
while the suggested combination of parameters worked
well in some cases, it led to poor predictions in others.
With this procedure of parameter selection it is also not
clear (i) how many experimental measurements are
required to fix the model parameters and (ii) whether
any other combination of the model parameters will not
reproduce the same predictions. The successive fine
graining (SFG) procedure suggested in ref 8 is able to
overcome these difficulties and uncertainties.

In the SFG method, the only experimental measure-
ments concerning the polymer that are required are
that of (i) the equilibrium radius of gyration at 6-condi-
tions Ry, (i) the solvent quality z, and (iii) the fully
stretched length. Provided these data, the parameters
b, z*, and Iy of the model can be easily determined for
any choice of N. The model interaction parameters h*
and d* are initially chosen arbitrarily (this also fixes
An). The behavior exhibited by the model in equilibrium,
such as the relaxation time, for this choice is recorded.
The number of beads in the model is then progressively
increased, keeping the following model properties in-
variant: (i) RZ, (ii) Lo, (iii) solvent quality z, and (iv)
rescaled HI parameter h* = h*/y. Using a suitably
chosen variable, such as one of the equilibrium universal
ratios,®8 the data recorded for that variable for various
values of N are then extrapolated to the limit N — .
In this limit the model predictions for the ratios become
insensitive to the initially made choice of A* and d*
(thereby eliminating two parameters from the model),
and the correct solvent quality limit is attained. As
outlined in the Introduction, and elaborated in ref 8,
this automatically matches with all the static and
dynamic properties of the chain at equilibrium.

To study the properties under flow, in addition to the
invariants listed above, the Weissenberg number, de-
fined as Wi = ¢, where 1 is any characteristic relaxation
time of the molecule, is kept invariant as N is progres-
sively increased. A ratio constructed from the variable
of interest (such as the stretch or the viscosity) is used
to extrapolate the finite IV data. In this case, however,
the finite N data are extrapolated to the limit (N — 1)
— Nk because of the dependence of the flow properties
on the finite length of the chain.822

Since we are interested in predicting the exten-
sional stress growth, we carry out the extrapolations
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in the variable U;;R, defined as

Ulp = =2 (14)

where R, is the dimensional radius of gyration at
equilibrium at the given solvent conditions and [7] is
defined as an “intrinsic extensional viscosity”

7 7 NJM
7] = lim 2 — i Tea M (15)
c—0 C?]S npAO npns

where 7 is the polymer contribution to the elongational
viscosity (or the stress growth coefficient) and n; is the
polymer number density. In terms of nondimensional
model variables, eq 14 can be written as

9
U;;R = g\/Eh*

ek
1 (16)
R*

The theoretical value for the polymer contribution to
the elongational viscosity #* can be obtained from
simulations by calculating the ensemble average of the
normal stress differencel?

T T T 17

é*

7—7*

where the nondimensional stress tensor 7;; is obtained
from the Kramers—Kirkwood expression!?

7, = 8,0= [F R, — R)D (18)

ui
with R; = ¥ ,R,/N being the position vector of the center
of mass of the beads in the chain. Experiments usually

measure the extensional viscosity of the solution 7 such
that

7 =3, +7, (19)

Assuming that the limit in eq 15 is obeyed, we have the
ratio U};R as measured through experiments given by

n—3
UTRzu (20)

4. Results and Discussion

4.1. Parameter-Free Predictions. Before applying
the SFG method to predict the elongational stress
growth of the DNA solutions investigated here, we first
study the influence of solvent quality within the model
framework. The nondimensional model requires only
two parameters to be determined from experiments:8 the
effective Kuhn segments N (see eq 13) and the solvent
quality z. In the discussions below we assume Ny = 200,
as used in ref 8 for A-DNA, and consider various solvent
qualities.

A detailed algorithmic procedure to calculate the
values of the parameters in the model for a given value
of N is given in ref 8. Briefly, various values of N, spaced
uniformly on a 1/+/N space, are chosen first. The value
of b and y are calculated for each of these values f0~r Nx
= 200 (see Table 3). The rescaled HI parameter A* is
kept constant as N is changed. Simulations are carried
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Table 3. Parameter Values for the WLC Springs Used in
the SFG Scheme for Ny = 200
N 15 17 19 23 27 33 41 51

b 3553 2997 2572 19.66 15.56 11.43 7.947 5.246
x 0.8837 0.871 0.8584 0.8333 0.8082 0.7704 0.719 0.6531

@ The procedure and expressions used to obtain them are
given in ref 8.

out for two values of 2* chosen arbitrarily: A2* ={0.19,
0.30}. The HI parameter h* for the simulation is
obtained at each N from

h* = yh* (21)

Three different solvent qualities are considered: z =
{0, 1, 3}. For each of them, the parameters of the EV
potential are obtained from

2% = zy*IVN (22)
d* = Kz*'5 (23)

To ensure that the extrapolated result is independent
of d*, two values of K are used: K = {1.0, 1.5}

To keep the Weissenberg number Wi constant as the
chain is successively fine grained, it is essential to
determine a characteristic relaxation time for the chosen
set of parameters at each value N. In the earlier work®
a longest relaxation time 1;, as determined by the
relaxation of initially stretched molecules, was used.
Here, we propose to use a nondimensional relaxation
time /l* obtained from the zero-shear rate intrinsic
v1scos1ty [17]o, as given in eq 2:

yi
= (24)
n AH

The intrinsic viscosity is obtained from the simulations
by using a Green—Kubo formula for the autocorrelation
function of the stress.*%50 The relaxation time is then
given by

= [Fdt Cyt) = z J5dt 18,(0) S0, (25)

L¢J

The tensor S;; is defined in eq 18. Note that in the tensor
product the sum is taken only over all i = j and averaged
over them. This is permitted because of the spatial
symmetry of the average at equilibrium. A superscript
T is affixed over [0to indicate that the equilibrium
average may be either an ensemble average over a
single time interval ¢ or a time average over several
instances separated by ¢. In this work, the autocorre-
lation function Cg(¢) is found using the algorithm
suggested in ref 51, by carrying out equilibrium simula-
tions of a few trajectories but each extending to about
A10*21 Zimm), where 11 zimm is the longest Zimm relax-
ation time obtained for a model with the same A* and
N, but with Hookean springs.

In the preaveraged model (such as that of Zimm)
Cs(t) decays through a discrete spectrum of relaxation
times. Though in the case of fluctuating HI, the spec-
trum may not be discrete, it is convenient to fit a
discrete spectrum to the time-correlation function to
evaluate the integral of eq 25. One of the ways to fit a
weighted sum of exponentials
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m

Cyt) = Zaie*“i (26)

to the data is the graphical (or “peeling”) method.52 Since
we are interested only in the integral rather than the
spectrum, the peeling method with a suitable choice of
the number of modes m is the simplest means of
obtaining the multiexponential fit. The method was
validated with a known discrete Zimm spectrum of 19
modes, by fitting a multiexponential with just m = 4
modes. (In the peeling method, the number of modes
required to represent the function is not known a priori,
but rather determined as a part of the solution.) The
error in the integral when compared to the known value
was less than 0.1%. For the stress correlation obtained
by fitting the actual simulation data of the bead—spring
model, with up to N = 51 beads, the maximum number
of modes required was found to be m = 5. In these cases,

it is only possible to obtain an error estimate on 4, due
to estimation errors in the fitting parameters in eq 26.

The estimation errors in ﬂ.;; were in the range 1—5%.
Notably, the relaxation time found this way has a lesser
margin of error and greater accuracy (in terms of scaling
with N) than the longest relaxation time 1; determined
by allowing stretched molecules to relax to equilibrium,
which has been used extensively so far.*¢

In Table 4, the scaling of A, with N for various
parameter combmatmns is dlsplayed These scalings are
valid only within the range of N indicated and were used
to interpolate at intermediate values of N. The elonga-
tional rate at each N is found from ¢* = Wi/A1*, for a
given choice of Weissenberg number Wi. The relaxation
time A, obtained in this manner was found to be 4, ~
1.914, so that the Weissenberg number used in this
study is also ~1.9 times the Weissenberg number used
in ref 8.

Simulations of an ensemble of trajectories are carried
out at the values of N shown in Table 3, and the values
of Uy obtained at each of these values are extrapo-
lated to the limit (N — 1) — Nk, at a fixed fluid Hencky
strain € = ¢*¢. The number of trajectories chosen for a
run is typically (10%). Depending on the error of
estimation (at 95% confidence), results from more
trajectories are added to the saved data so as to obtain
reliable extrapolations.

The insensitivity of the extrapolated value of scaled
elongational stress growth coefficient U+ to the HI
parameter /¥ at a solvent quality z = 1 and’ Welssenberg
number Wi = 190 is shown in Figure 1. Here, the finite
N data are extrapolated to (N — 1) — Ny, for two
different values of 2*, and is shown for three different
strains experienced by the fluid. Two features to be
noted are that (i) while U+R, at all the strains shown in
Figure 1, is dependent on the choice of 2* at finite N,
the extrapolated value is not, and (ii) U“LR is indepen-
dent of A* both for low strains (coillike) as well as for
high strains (rodlike close to full extension). A similar
independence from the choice of d* (through the pa-
rameter K) is seen in Figure 2. The parameter-free
(1ndependent of h* and d*) growth of U+R, obtained by
carrylng out extrapolations over a range of strains, is
shown in Figure 3.

The results of carrying out a similar procedure for
other solvent qualities, #-conditions (z = 0) and at z =
3, are also displayed in Figure 3. In this figure, the U;R
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Table 4. Approximate “Power Law” Fits for the
Relaxation Time 7} for Various Parameter
Combinations®

set z=0 z=1,K=10 z=1,K=15 z=3,K=1.0
h* 0.19 030 0.19 0.30 0.19 0.30 0.19 0.30

m 1230 1.122 1.309 1.196 1318 1.219 1.378 1.262
¢ 1510 1.844 1.734 2.132 1561 1.836 1.838 21275

@ The dependence of l on N is fitted to l* = ¢N™ in the range
of 15 < N < 51. The values of ¢ and m for various parameter sets
are shown here. The fit is only a guide to interpolate 1’ at
intermediate values of N and is not reliable for use beyond this
range.

600 = T
+ h*=019 i
v h* =0.30

500 e  Extrapolated

swot =7 e

éﬁg 300 | T
e=4 — s
200
100
ole=2_ : . :
0 0.05 0.1 0.15 0.2 0.25

1/vVN

Figure 1. Insensitivity to rescaled HI parameter 2*: Extrapo-
lation of simulated finite V to (N — 1) — N of the scaled stress
growth coefficient U"LR obtained at Ny = 200,z = 1, and Wi =
190 and at three different strains e as 1ndlcated The rescaled
HI parameter 2* was kept constant along each data set as
indicated in the legend and K = 1 for all data. The vertical
line corresponds to N = Ny = 200. The error bars have not
been displayed as they are smaller than the symbol size.

700 .
a K=15
| v K=1.0 a 4
600 e  Extrapolated . ‘: vV
500 + AN
=7
Lz 4o €
< A A A¢
= 300 PO I -
e=4 :
200
x % % ¢+ * L 4
100} €=3
0 1
0 0.05 0.1 0.15 0.2 0.25

1/vVN

Figure 2. Insensitivity to EV parameter d*: Extrapolation

of the simulated scaled stress growth coefficient U obtained
at finite NV to Ny at Nx = 200, z = 1, and Wi = 190 and at
three different strains €. Here, d* was varied with two values
of K, as indicated above. The rescaled HI parameter was kept
constant at 2* = 0.30. The vertical line corresponds to N = Ny
= 200. The error bars have not been displayed as they are
smaller than the symbol size.

data below a strain of ¢ = 1 have been omitted, as
reliable extrapolations were not obtained for the number
of beads N considered. It is interesting to note that,
when plotted in terms of U+R, the curves for various
solvent qualities apparently collapse to a single curve
up to about a strain of ¢ < 3. At lower strains, the
increased rate of growth of the viscosity at a higher
solvent quality is offset by the higher R* at equilibrium
(see eq 16). However, at larger strams when the
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Figure 3. Comparison of the simulated Uy at three differ-
ent solvent qualities and at Ny = 200 an& Wi = 190. The
interaction parameters have the values 2* = 0.19 and K =
1.0. The data below ¢ = 1 omitted as reliable extrapolations
was not achievable with the finite chain data at hand. The
error bars have not been displayed as they are smaller than
the symbol size.
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Figure 4. Comparison of the simulated U+ obtained at two
different, showing the growth curve havmg attained its
asymptotic behavior (Wi — o) by Wi = 105. In both the cases,
N = 200 curve and z = 1. The error bars have not been
displayed as they are smaller than the symbol size.

molecule is close to fully stretched, EV effects are weak,
and it is expected that the elongational viscosity will
be independent of the solvent quality. The apparent
decrease in U;;R at higher z is due to a higher value of
R at equilibrium, which is used for normalizing the
V1500$1ty This point will be further illustrated in section
4.3.

Simulations carried out at another Weissenberg num-
ber, Wi = 105, shown in comparison with Wi = 190 in
Figure 4, indicate that the curves for Wi = 190 displayed
in Figure 3 are essentially the asymptotic behavior of
the stress growth coefficient. A similar observation was
made by Doyle and Shagfeh,?® who carried out free
draining bead—rod simulations and observed that the
asymptotic Weissenberg number is around Wi ~ 60
(recalculated in terms of 4,).

In a recent article?? on predicting the extensional
viscosity in polystyrene solutions under 6-conditions,
Prabhakar et al. used two different nondimensional
ratios to extrapolate the elongational viscosity ac-
cumulated for finite V. Prabhakar et al. defined, at low
strains, a nondimensional viscosity ratio 7’ (distinct
from the variable 7* used here) which was ogtalned by
normalizing the viscosity by bead—rod model param-
eters, while for higher strains, a variable ¢ was used,
which is the ratio of 7} obtained from the simulations
to its value at steady state calculated from an analytical
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approximation for a fully stretched bead—spring chain.
The justification for using ¢ was that the ratio ¢ led to
better extrapolations.

In the present work we have used U};R for both low-
and high-strain extrapolations. The advantages of using
U};R are as follows. In Uy, the viscosity is normalized
using the equilibrium value of the radius of gyration of
the bead—spring chain model. While under 6-conditions
and for a chain with FENE springs, the variable 7,
used in ref 22 and U;-;R differ only by a known multipli-
cative constant; for a good solvent and springs with
other force laws, Uy is the more convenient form to
obtain the predictions because (i) there is no necessity
to convert expressions from a bead—spring model to a
bead—rod model (which, for instance, is not a simple
expression for a wormlike chain model) and (ii) it is
simpler and “natural” to evaluate, as the radius of
gyration is obtained directly after the equilibration run,
irrespective of the solvent quality or the force law used.
Additionally, we find that even for larger strains the
extrapolations in Uy give reliable values, provided we
take a large number of trajectories to reduce the error
of estimation at each finite N.

An estimate of the computational time required to
obtain the theoretical predictions is as follows. The
equilibrium runs to estimate the relaxation time scaling
for a single parameter set, shown in Table 4, takes about
300 CPU hours on an Intel Pentium 4 CPU 2.4 GHz.
The nonequilibrium runs for Wi = 190 take about 100
CPU hours on a similar processor for a single parameter
set shown in Figure 4.

4.2, Experimental Measurements. In the discus-
sion to follow, the experimentally measured elongational
viscosity 7 (or stress growth coefficient) will be scaled
by the solvent viscosity and plotted as a function of the
strain experienced by the fluid, so that the value of /5
— 3 in the limit of zero strain. At low strains several
experimental problems can cause uncertainty in the
measured value. Some of these have been discussed in
ref 10. In addition, for sugar solutions, a skin formation
on the surface leads to erroneous force measurement.
Use of a thin layer of silicone oil alleviates this problem
but does not totally eliminate it. Hence, in the figures
to follow, data at low strains have not been displayed.

The measured stress growth coefficient is shown in
Figure 5. Here, the scaled coefficient 7%/ys has been
plotted for the DNA-2 and DNA-5 solutions, described
in section 2, subjected to strain rates in the range 5.6—
53.4 s71. As mentioned earlier, these strain rates far
exceed the inverse relaxation time of A-DNA in both the
solutions. In terms of the Wi defined with respect to the
relaxation time 4, given in Table 2, this corresponds to
Wi in the range 610—2245.

The collapse of all the data in Figure 5 onto a unique
curve is experimental confirmation of the existence of
a limiting asymptotic growth of #/5s for Wi > 1. Similar
observations were reported in refs 12 and 16. For the
DNA-5 solution the limitations in measuring the stresses
at low solution viscosities, as discussed in section 2,
permitted experiments to be conducted only at a single
strain rate. However, the collapse of these data with
the other data in Figure 5 confirms that the measured
stresses of the DNA-5 solution are also in the asymptotic
limit. (Note that for the DNA-5 solution the Weissenberg
number corresponds to Wi = 908.) The agreement of the
growth curves for DNA-2 and DNA-5 solutions in Figure
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Figure 5. Asymptotic nature of the experimental normalized
elongational stress growth coefficient (or elongational viscosity)
of a dilute concentration of A-DNA in solutions labeled DNA-2
and DNA-5, obtained from the filament stretching rheometer.
The strain rates are indicated in the legend. The Weissenberg
numbers correspond to Wi in the range 610—2245 for DNA-2
and Wi = 908 for DNA-5.

5 also implies that the A-DNA has the same solvent
quality in both the solutions.

4.3. Comparison of Experiments with Predic-
tions from SFG. To apply the SFG method to predict
the measurements, we require Rg, z, and Lo of A-DNA
at the solvent conditions used in the experiments. As
pointed out in ref 8, currently available data for DNA

make it difficult to assign values to RZ and z without a

large uncertainty, and values of RZ =0.63 um, z =1,
and Lo = 22 ym (which corresponds to Ny = 200) were
suggested for YOYO-stained A-DNA in a sugar solution.
Though these values are tentative, pending careful
experimental confirmation, they are not inconsistent
with observed measurements including that of the
extension of DNA in elongational flow. We will conse-
quently assume similar values for these quantities in
the present work. It is thought that staining only
modifies the persistence length of A-DNA, and the total
number of persistence lengths remains constant.5*
Therefore, assuming the same Ny = 200 for a length of
16.5 um for the unstained DNA, we obtain Rg = 0.475
um from the standard expression for a wormlike chain.26
In ref 8, a solvent quality of z = 1 was suggested for
the solution considered by Smith and Chu.* This leads
to a radius of gyration R, = 0.608 um (obtained from a
swelling ratio of og(z = 1) = 1.28). Using this, we can
obtain the value of the universal ratio U,r (equivalent
to Flory’s constant):

[7]M/N,
v M ors00r @)

4 3
§.7'[Rg
where we have used the value of [#]o = 0.023 £ 0.01,
obtained from the shear experiments explained in

section 2. It is also possible to evaluate the ratio U,r
from simulations in the limit of N — oo,

l*

theo _ 1: g * n
Uy’ = lim ok Py
g

=13+01 (28)

The theoretical value was obtained by carrying out
simulations at z = 1 at finite N and extrapolating the
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Figure 6. Comparison of theoretical (SFG) predictions of the
normalized elongational stress growth coefficient with experi-
mental measurements. The experimental points are averages
obtained from the data plotted in Figure 5, with the error bars
indicating a 95% confidence interval. The theoretical curves
predicted by the SFG scheme are at three solvent qualities
(including a 6-solvent with z = 0), and Nx = 200. Both the
experimental and theoretical growth curves are the asymptotic
curves for large Wi.

results to the limit N — . Comparing the values of Uy
obtained from experiments and theory, it is encouraging
to note that a radius of gyration of RZ = 0.475 ym and
solvent quality of z = 1 suggested for the solution used
in ref 4 provide a good description of the linear vis-
coelastic data of the 1-DNA solution used in this work
as well. Nevertheless, in the following, we will compare
the theoretical predictions of the viscosity growth for
three different solvent qualities (theta, z = 1, and z =
3) with the experimental measurements. The radius of
gyration for each of these solvent qualities is obtained
by multiplying Rg by the known swelling ratios ag(z) =
Ry/R;,%" namely, og(1) = 1.28 and 0(3) = 1.54.

Since experimental observations correspond to be-
havior in the asymptotic limit of large Weissenberg
numbers, the results of the previous section for Wi =
190 can be used for comparison. The scaled elongational
viscosity is given in terms of U;-;R by

n_ 4 -3
——3+§.7'[Rgn

s

Umr (29)

p

where n, = cNa/M is obtained from the values listed in
Table 2.

In Figure 6, the theoretical predictions for the as-
ymptotic stress growth coefficient for three solvent
qualities are shown along with the experimental mea-
surements. The experimental points on the plot are
averages of the five asymptotic strain rates shown in
Figure 5. The influence of solvent quality on the growth
of elongational viscosity is clear from this plot. A
comparison with the curve at z = 0 (6-conditions) shows
that it is essential to include excluded-volume effects
to correctly predict the elongational viscosity of DNA
solutions. It is also clear that the curve at a solvent
quality z = 1 best describes the average growth data.

From Figure 3, we noted that for strains up to ~3
the value of U};R is approximately same for all the
solvent qualities considered; the difference seen in
Figure 6 therefore mainly comes from the equilibrium
radius of gyration in eq 29. This provides corroboratory
evidence for the value of Ry of A-DNA. In other words,
owing to the “independence” of U%LR from the solvent
quality at low strains, we can use eq 29 to estimate the
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equilibrium R, from the elongational stress measure-
ments. The value Ry = 0.608 ym which is required to
explain the value of U;’f{pt in eq 27 is also the same
value as obtained through the measurements of 7.

In the previous section we noted that the solvent
quality has an apparently opposite effect in the fully
stretched state, viz., a decrease in U;;R for higher z.
However, from Figure 6, where only the viscosity is
plotted, it is clear that for higher strains the effect of
solvent quality diminishes as the chain is extended close
to its full extension, and the observations made in the
previous section are merely due to dividing the viscosity
by a factor (Rg) which increases with solvent quality.

Similar to the conclusions made in ref 8, we reiterate
here that, although z = 1 seems to provide a better
agreement with the experiments of linear viscoelasticity
and extensional rheology, it should be borne in mind
that other combinations of R: and z which combine to
give nearly the same value E; = 0.608 um under good
solvent conditions could lead to similar predictions. It
is essential therefore to perform careful experimental
measurements to resolve either one of these quantities
unambiguously.

5. Conclusion

Elongational stress growth coefficients (or viscosities)
of a dilute solution of A-DNA in pure sugar and sugar
+ corn-syrup solutions were measured using a filament
stretching rheometer. To obtain the corresponding
theoretical curves for the growth, it is necessary to
include excluded-volume (EV) interactions between
parts of the DNA molecule. A recently introduced
method to treat EV effects in bead—spring chain models
was used in a Brownian dynamics simulation (BDS)
framework which also includes hydrodynamic interac-
tion (HI) among the beads. This method not only is
capable of providing a parameter-free prediction but also
enables the EV interactions to be treated with a known
equilibrium measure, which is the solvent quality
parameter z.

Using only three equilibrium measures, the radius of
gyration at 6-conditions Rg, solvent quality z, and the
contour length of A-DNA L, parameter-free predictions
of the stress growth coefficient were obtained and
compared with the experimental measurements. An
equilibrium radius of gyration for A-DNA of R, = 0.608
um was found to be consistent with both the linear
viscoelastic ratio U;’ﬁpt (which is equivalent to Flory’s
constant @) and the elongational stress growth coef-
ficient 7.

Though existing measurements with DNA do not
permit accurate determination of the solvent quality z,
this is not insurmountable, given that there are care-
fully collected experimental results for a few other
systems such as that reported in refs 24 and 25. We
hope this study motivates cataloguing of quality data
for both equilibrium and flow properties, in terms of the
solvent quality parameter z.
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