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ABSTRACT: Using Brownian dynamics simulations, we predict the deformation of a polymer coil in
dilute solution and compare the results to direct measurements for DNA molecules and for polystyrene.
For DNA, optical microscopy measurements of Smith and Chu yield measurements of [X[J] the average
projected length of the molecule onto the flow direction as a function of shear rate, while for dilute
polystyrene solutions, light scattering experiments yield [Rs?[¥2, the root-mean-square radius of gyration.
Both measurements of deformation, XOand [IRSEI’Z, are obtained from the simulations using input
parameters required to match the molecular characteristics of both the DNA and the polystyrene solutions
used in the experiments. We find that while the agreement between the simulations and the measurements
of coil deformation for DNA is excellent, for polystyrene the measured deformation is much less than

predicted.

1. Introduction

Since standard rheological measurements do not
directly measure polymer size or shape during flow of
dilute polymer solutions, light-scattering techniques
have been deployed for this purpose. These difficult
experiments have been carried out on conventional
polystyrene and polyisobutylene solutions both in ex-
tensional flow?=* and in shear.5~8 Analogous neutron-
scattering experiments have also been conducted in
shear.® In every case, for both shear and extension, these
experiments have yielded apparent polymer flow-
induced coil deformations that are far below the predic-
tions of conventional models. These experiments, then,
suggest that our understanding of polymer flow-induced
deformation might be seriously flawed.

Very recently, however, Chu and his group at Stan-
ford University have developed methods of observing
directly the flow-induced deformation of single very
large, fluorescently stained, DNA molecules.® The mea-
sured DNA deformations in both extensional and shear
flows are remarkably consistent with predictions of
Brownian dynamics simulations of model bead—spring
or bead—rod chains.1911 |n addition, such simulations,
and simpler numerical solutions for finitely extensible
dumbbell models, provide predictions of extensional
viscosities that are in reasonable qualitative agreement
with measured viscosities for “Boger fluids"—dilute
polymer solutions in viscous solvents.1213

Thus, various comparisons of theoretical predictions
with experimental measurements of polymer coil di-
mensions in flow give a conflicting picture of the degree
to which theory and experiment agree. Pinning down
experimentally the source of the conflict is complicated
by differences from one system to the other in the
quantity that is measured. For DNA, the average
molecular “stretch” XOis measured, where x is the
projection of the molecule onto the flow direction, while
for conventional polystyrene or polyisobutylene, light
scattering or neutron scattering yields a measurement
of the “expansion ratio” of deformed to the undeformed
root-mean-square radius of gyration, e = [Ri%/
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[R2[§>. Here the brackets “OC1 denote an ensemble-
averaged quantity, and the subscript “0” designates the
no-flow limit. Not only are different quantities mea-
sured, but the theories to which these quantities X[land
e have been compared are also different, with e from
synthetic polymers being compared to simple dumbbell,
Rouse, and Zimm models, while X[for DNA is compared
to more sophisticated Brownian dynamics simulations
of bead—spring or bead—rod chains with nonlinear
elastic properties.

Here, we seek to clarify matters by carrying out
Brownian dynamics simulations of DNA and poly-
styrene dilute solutions in which we compute both X0
and e. In so doing, we provide a basis by which the
differing types of experimental data for these systems
can be compared, if not with each other, then at least
with a common theoretical model. In an extensional
flow, the strain imposed on molecules probed in any real
experiment is limited, while in shear arbitrarily large
strains can be imposed. Therefore, in a shearing flow
we can be confident that the experimental results
represent the true steady-state, large-strain limit, while
in extension there remain some questions about this
point. Hence, we will limit our study to shearing flows,
although the implications of the work will also apply to
extensional flow.

2. Simulation Method

2.1. Bead—Spring Model. The bead—spring model
represents the polymer molecule as a string of N beads
and N — 1 springs. We compute properties of this model
by a standard Brownian dynamics method, with hydro-
dynamic interactions neglected, as described in our
previous paper.? As before, for polystyrene, we use for
the elastic spring force F;® Cohen’s Padé approxima-
tion!* to the inverse Langevin (IL) function, which is
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where 4; is the extension ratio in spring i

R.

li N N K,sbK (2)

Here R; is the extension of spring i,
Ri=Iri,—rll Ri=ry,—n )

bk is the Kuhn step length of the freely jointed chain,
and N s is the number of Kuhn steps per spring. Thus,
Ls = Nk sbk is the fully extended length of a spring. For
DNA, we use the wormlike (WL) chain model,'516 for
which

kT
FSP = biK(%(l — )= % + Ai) (4)

The definition of the polymer’s radius of gyration
tensor is

1, N N
GEEN [;;Rinij] (5)

where Rjj is the end-to-end vector between monomers i
and j, which are bead i and bead j in our model; N is
the monomer (bead) number. The radius of gyration
squared, RS, is then the trace of the tensor G; that is,

21 —zNN 2
Rg ZEN [;;Rij] (6)

where Rjj is the spatial distance between bead i and
bead j.
The orientation angle y in shear is calculated from

1 -1 2[G,,U0 J
=ztan |—0/——1— 7
X732 ([(BMD— [G,, ™
Here G111, Gy, and G, are elements of the radius of
gyration tensor G, where “1” is the flow direction and

“2” the shearing gradient direction.

In the simulations, we also calculate X[] the average
of the molecule’s projected length in the flow direction,
so that we can compare the simulation results with the
DNA experimental results.

To calculate the dimensionless shear rate, § = yz, we
calculate the sum of relaxation times from the Rouse
model, which is

N 2

T=HIYGR—T (8)
£ i 6 1

where the longest relaxation time 73 is

Cbead
T, = S o7 9
16k T B2 sin (m)
and
3 Ny 2 2
B =—"—% Nes= R=Ncb? (10)
2Ny b, N,

Ns = N — 1 is the number of springs, Nk is the number
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Table 1. Parameters for Polystyrene and DNA Molecules

A-phage DNA 3MPS
L (um) 21.2 7.285
bk = 2A (um) 0.132 0.001803
N 20,10, 2
dt (s) 5x 1077t foryr <1 5 x 1077/, foryr > 1

of Kuhn steps in the whole chain, bk is again the Kuhn
step length, which for DNA molecules is twice the
persistence length, and [R?[4 is the average square of
the end-to-end distance. Also, we have

3N,
2Rl

2
S

(11)

(which is unrelated to the dimensionless shear rate
= y7) and P is the bead drag coefficient.
For polystyrene, [R?[4 can be calculated from

Rl = CnlI? (12)

where C. is the characteristic ratio, n the number of
backbone bonds in the polymer molecule, and | the
length of a backbone bond. For polystyrene,

M.

n=§,

I=154A; C,=096 (13)

where M is the polymer molecular weight.
For DNA, [R2[4 can be obtained from

Rl = 2b, L (14)

where L is the contour length of the DNA molecule.

2.2. Simulation Method. We simulate both poly-
styrene and A-phage DNA molecules in steady-state
shear flow. The parameters we use in the simulations
are listed in Table 1. First we carry out runs in the
absence of flow that are long enough to obtain the
average equilibrium values of the square of the radius
of gyration EIRSE, of the square of the end-to-end sepa-
ration [R?[4, and of the projected length in one direction
in Cartesian coordinate X[d. In the simulation of steady
shear flow, we time-average the quantities G, RS, and
X, starting from a time equal to 10 times the molecule’s
longest relaxation time and continuing for over 100
relaxation times.

We also used various numbers of beads to describe
both DNA molecules and polystyrene molecules, as
shown in Table 1. For A-phage DNA, the molecular
length per spring, L/(N — 1), is only around 1 um when
20 beads are used. This distance is about 15 times the
molecule’s persistence length A = 0.066 um. As shown
elsewhere(ref 10), when L/(N — 1) decreases to 15 or
so, the “free hinges” created by the beads increases the
molecule’s flexibility somewhat. However, it was shown
in ref 10 that this effect can be successfully counteract-
ing by artificially increasing A from 0.066 um to the
value Ag = 0.096 um.

An important difference between i-phage DNA and
the polystyrenes considered here is their molecular
“extensibility”, i.e., the ratio E = L/[R?[4Y? of the fully
extended length (L) of a polymer molecule to its root-
mean-square end-to-end distance [R2[4Y2 at equilibrium
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Figure 1. Expansion ratio e = [R2({*/RF? (a) for infi-
nitely extensible Hookean dumbbell and Rouse models. The
lines are from analytic theory, while the symbols are the
results from simulations. (b) For a wormlike (WL) chain for
A-phage DNA and an inverse Langevin (IL) chain for poly-
styrene. In (a) and (b) the lines are from analytic theory for
Hookean dumbbell and the Rouse chain; the symbols are
simulation results. The solid lines are for an elastic dumbbell,
the dashed line is for the Rouse model with 20 beads, and the
dotted line is for the Rouse model with 50 beads. The open
symbols are for dumbbells, and the solid symbols are for 20-
bead chains. The circles are for the wormlike-chain (WL) model
of DNA, the diamonds are for the inverse Langevin (IL) model
for polystyrene, and in (a) the triangles are for Hookean chains.

(i.e., in the absence of flow). Thus

L _ 0.82nl

Eps = =
R /—Cmnlz

=63.6

(polystyrene, M = 3 x 10°)

E _ L _ L
DNA ™ [R2@1/2 B /2AL
(stained A — phage DNA, L = 21 um)

=12.6

where A = 0.066 um is the persistence length of the
stained DNA molecule. The extensibility of 3 million
molecular weight polystyrene is about 5 times larger
than that of the A-phage DNA.

3. Results

First, we compare our simulation results for the
expansion ratio e with the analytical solutions from the
theories. As shown in Figure 1a, the simulation results
for both the Hookean dumbbell (open triangles) and
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Hookean 20-bead chains (solid triangles) agree well with
the analytical solution for the elastic dumbbell (solid
line) and the Rouse model (dashed line for 20 beads and
dotted line for 50 beads), which was derived by Hoag-
land and Prud’homme.” This figure also shows that
there is a big gap between e for the elastic dumbbell
model and that for the Rouse model, but the results for
20 beads and 50 beads are almost identical. Figure 1b
shows the simulation results for the expansion ratio for
A-phage DNA using a two-bead wormlike (WL) chain
(open circles) and a 20-bead wormlike chain (solid
circles) and for polystyrene of 3 million molecular weight
using the Cohen Padé approximation to the inverse
Langevin (IL) function for a two-bead chain (open
diamonds) and a 20-bead chain (solid diamonds). The
simulation results for 10-bead chains which are not
shown in the plots are almost identical to those of 20-
bead chains. Compared with the analytical solutions for
the elastic dumbbell model (solid line) and the Rouse
model (dotted line), the simulation results for the
expansion ratio e for DNA (wormlike chain) are much
lower than those for the Hookean spring, while the
simulated e for polystyrene (inverse Langevin chain) is
almost identical to that of the theoretical Hookean
spring for § up to about 12, but it falls slightly below
the Hookean result for larger 5. The reason that e for
polystyrene is higher than that for DNA is because of
the difference in molecular extensibilities discussed in
section 2.

We compare our simulated orientation angle with the
predictions of analytic theory in Figure 2a. From the
theory,® the relationship between the orientation angle
x and the dimensionless shear rate g is

tan*(5/m)

y = 45° + >

(15)

Here m is the “orientation resistance” of the molecule,
with m = 1.0 for the elastic dumbbell model, m = 1.75
for the Rouse model, and m = 2.553 for the Zimm model.
We can see that the simulation results for the Hookean
spring (open triangles for the dumbbell model and solid
triangles for the 20-bead model) follow the theoretical
results (solid line for elastic dumbbell and dashed line
for Rouse model) very well. The results for the inverse
Langevin chain model of polystyrene of molecular
weight 3 million are about the same as for the Hookean
spring, but the results for the wormlike-chain model of
A-phage DNA are lower than the other two. Figure 2b
compares experimental light scattering results (sym-
bols) by Lee et al.” with the theory (lines). We can see
that the experimental results for polystyrene of different
molecular weights all fall into the range between Rouse
model and Zimm models, although there is no clear
trend with molecular weight.

After comparing our simulation results with analyti-
cal solutions from theory, we now compare our simula-
tion results for molecular deformation to data from real
experimental dilute solutions, one of which is 1-phage
DNA studied by Smith et al.* and the other is 3 million
molecular-weight polystyrene by Lee et al.” For DNA,
we use a 20-bead model to calculate the mean fractional
extension in the flow direction X/LOat various shear
rates and plot the results versus dimensionless shear
rate f = yt; see Figure 3a. We can see that the
simulated results for X/LJopen circles) agree well with
the experimental results from Chu’s group (for solvent
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Figure 3. Comparison between experimental results (solid
symbols) and simulation results (open symbols) for (a) mean

fractional extension in the flow direction for 2-phage DNA and
(b) expansion ratio for polystyrene.
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Figure 2. (a) Comparison of the orientation angle y vs

dimensionless shear rate § = y, between theoretical results
(lines) and simulation results (symbols). The open symbols are
for simulated two-bead (dumbbell) models, and the solid
symbols are for simulated 20-bead models. The triangles are
for a Hookean chain, the diamonds are for the inverse
Langevin-spring model of polystyrene of molecular weight 3
million, and the circles are for the wormlike chain model of
DNA. (b) The lines are the same as in (a), while the symbols
are experimental data for polystyrenes of molecular weights
ranging from 2 to 20 million.

viscosity 75 = 60 cP, solid circles; for ns = 220 cP, solid
squares).! For polystyrene, we also use a 20-bead model
to calculate the expansion ratio e = [RZJ%/R2Y? at

various shear rates. Here [IRSI;; is calculated by eq 6 in
the presence of shearing flow. The plot of the expansion
ratio e vs 8 in Figure 3b shows that the simulation
results (open diamonds) vastly overpredict the experi-
mental data (solid diamonds and solid squares).

The above comparison shows that the simulated mean
fractional extension X/L0in the flow direction for DNA
agrees well with the experimental observations of
individual DNA molecules, while the simulated expan-
sion ratio e for polystyrene deviates greatly from ex-
perimental light-scattering and neutron-scattering re-
sults.”® In Figure 4 we compare the simulated expansion
ratio e for DNA (open circles) with that of polystyrene
(open diamonds). As noted earlier, the simulation value
of e for polystyrene is higher than that for DNA at each
value of 5, because of the higher extensibility of the
former. Also plotted in Figure 4 are the theoretical
predictions of e from the Rouse and Zimm theories for
Hookean bead—spring chains.® For the Zimm theory,
the predictions depend on the value of “hydrodynamic
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Figure 4. Comparison of expansion ratio from simulations
of both DNA (open circles) and polystyrene (open diamonds)
with the light-scattering results for polystyrene in DOP solvent
(solid diamonds) and in TCP solvent (solid triangles). The lines
are theoretical predictions for the Rouse model (solid line), the
Zimm model with hydrodynamic interaction parameter h* =
0.15 (dashed line), and for the Zimm model with h* = 0.3
(dotted line).

Dimensionless shear rate,

interaction parameter” h". h® = 0 corresponds to the
Rouse theory, with no hydrodynamic interaction; in-
creasing h” implies an increasing level of hydrodynamic
interaction, with h* = 0.25—-0.3 considered to be maxi-
mum value of h*, appropriate for polystyrene in ©®
solvent. Note in Figure 4 that the expansion ratio at
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each value of 8 decreases with increasing h*. However,
even for h* = 0.30, the predicted expansion ratio greatly
exceeds that measured by light scattering for poly-
styrene in various solvents. While the calculations of e
from the Zimm theory assume Hookean springs, for
polystyrene of molecular weight 3 million the effect of
the non-Hookean finitely extensible spring is only
significant for 8 = 12 and so cannot account for the huge
deviation between the measured and predicted values
of e for f < 12. Also shown in Figure 4 are the light-
scattering results for polystyrene of molecular weight
3 million in two different solvents, namely a ®© solvent,
DOP (solid diamonds),” and a “good” solvent, TCP (solid
triangles).® The results for both solvents are far below
the theoretical predictions (lines).

4. Discussion and Summary

Although measurements of molecular deformation
under shear of both 1-phage DNA and polystyrene have
been carried out, the molecular “deformation” measured
in microscopy experiments with DNA is [X[] the pro-
jected molecular length in the flow direction, which is
not directly comparable with the measurement of de-
formation obtained in light-scattering experiments with
polystyrene. In the polystyrene experiments, the mea-
sured quantity is the expansion ratio e = [Rgztg’zl
[Ry2[§°, the root-mean-square radius of gyration rela-
tive to that at equilibrium. Nevertheless, the results of
the two experiments can be compared with each other
indirectly by comparing both measurements to the
results of Brownian dynamics simulations, whose input
parameters are suitably chosen to match, in turn, both
DNA and polystyrene molecular characteristics. We
thereby find excellent agreement between predicted and
measured molecular deformation for DNA molecules.
We can therefore confidently use the simulations to
predict the expansion ratio e for DNA and polystyrene
molecules and compare this to the expansion ratio
actually measured for polystyrene by light scattering.

Paradoxically, when this is done, we find that al-
though the polystyrene molecules considered here have
a greater molecular “stretchability” than that of A-phage
DNA, the light-scattering experiments for polystyrene
solutions under shear flow show less stretching at a
given strain rate than is obtained for A-phage DNA
under an equivalent shearing flow. A similar conclusion
would also surely apply to extensional flows, for which
excellent agreement between simulations and DNA
experiments is obtained.1° But for polystyrene solutions,
light-scattering studies in extensional flow show that
the stretching of the major axis of the radius of gyration
tensor never exceeds a factor of 2 even at g > 1.34

Lacking a convincing explanation for the large dif-
ference in the observed deformation of polystyrene
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molecules relative to that of DNA, we can only note that
the possible explanations fall into three categories: (a)
differences between DNA and polystyrene molecules, (b)
differences between solvent effects in the two cases, and
(c) differences in experimental techniques, i.e., direct
microscopy versus light scattering.

With respect to the first two categories, we note that
DNA has a much larger effective diameter than poly-
styrene and hence its solvent (water) might behave more
like an ideal continuum than is the case with poly-
styrene. Also, DNA is a polyelectrolyte and hence is a
much more expanded coil than is polystyrene. While our
simulations are restricted to ® conditions, experiments
with polystyrene in a good solvent (tricresyl phosphate)
show even less deformation in light-scattering experi-
ments than is the case with © solvent.® With regard to
category 3, light scattering is a less direct measure of
coil size than is video microscopy, and perhaps there
exist some undiscovered difficulties in interpreting light-
scattering data when coils are strongly deformed by
flow.
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