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ABSTRACT: Brownian dynamics is used to simulate fluorescence depolarization and depolarized light scattering
from a discrete wormlike chain model. Flexible constraints are used to hold adjacent subunits at a nearly
constant separation. “Experiments” with rigid and flexible constraints were essentially identical. Preaveraging
hydrodynamic interaction was found to have a negligible effect on 10-subunit chains for the experiments carried
out in this work. Simulations on 30-subunit chains were carried out with preaveraging. Fluorescence
depolarization was observed to be more sensitive to internal motion than depolarized light scattering. The
fluorescence depolarization was also found to be very sensitive to the persistence length. Excellent agreement
between the Barkley-Zimm theory of bending (Barkley, M. D.; Zimm, B. H. J. Chem. Phys. 1979, 70, 2991)
and the fluorescence depolarization simulations was also obtained.

I. Introduction

Computer simulations of long-range motion in macro-
molecules have increased greatly in recent years. Because
these motions are generally slow, techniques other than
conventional molecular dynamics must be used to study
them. Brownian dynamics simulation methods have
proven to be particularly useful in this regard.!* To cite
a few applications, they have been used to study backbone
motion and isomerization in simple chain molecules,>?®
hinge bending!® and helix-coil transitions!! in proteins,
ring-closure dynamics in alkane chains,'? biomolecular
diffusion-controlled reactions,!®* transport properties of
rigid and flexible macromolecules,'® and fluorescence de-
polarization from hinged macromolecules'® as well as DNA
restriction fragments.'” Brownian dynamics is an appro-
priate method for highly damped systems and is the dif-
fusional analogue of molecular dynamics. The simulation
is carried out by numerical integration of the Langevin
equation.?* The solvent is represented by suitable fric-
tional and random forces and possibly by modified po-
tentials of mean force. A recent review by McCammon
gives a clear physical picture of Brownian motion in the
context of protein dynamics.®

The focus of this article is the bending and overall
motions of wormlike chains. Wormlike chains are realistic
models for stiff linear polymers like DNA. Analytic the-
ories of Gaussian or Rouse-Zimm model chains, as pio-
neered by Kirkwood'® and Zimm,2® have been successful
in interpreting long-time (low-frequency) experiments on
high molecular weight polymers. These models are, how-
ever, inadequate when the short-time or high-frequency
behavior is of interest. Dielectric dispersion, fluorescence
depolarization, NMR, depolarized light scattering, and
perhaps polarized dynamic light scattering at a large
scattering vector are several experimental methods that
probe rapid internal motions of polymers.

The fluorescence anisotropy decay of ethidium bromide
bound to DNA is an illustrative example of rapid internal
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motion in stiff polymers.?"%* Because the emission dipole
of the dye is tilted by about 70° from the local helix axis,
torsional rather than bending motions are primarily re-
sponsible for this depolarization. Nonetheless, the latter
motions do contribute. Analytic theories by Barkley and
Zimm,? and by Allison and Schurr, as well as a recent
analysis by Yoshizaki et al.,?”?8 accurately reproduce the
nonexponential decay. Hence, the experiments appear to
confirm the theories with regard to torsional motion. In
addition to torsion, the theories of Barkley and Zimm? and
Yoshizaki, Yamakawa, and co-workers?”?® account for
bending as well. Unfortunately, it has not been possible
to study bending motions directly (in the absence of tor-
sion) by fluorescence depolarization, since this would re-
quire the bound chromophore to have its emission dipole
parallel to the local helix axis. An alternative is to carry
out computer “experiments” on well-defined model sys-
tems.

In this work, the technique of Brownian dynamics is
used to simulate fluorescence depolarization from a dis-
crete wormlike chain model of DNA in which the emission
dipole is in a parallel configuration. Depolarized light
scattering is also illustrated. Chains made up of 10 or 30
subunits are used where the longer chains have a contour
length of about 920 A. For 10-subunit chains, simulations
with preaveraged and without preaveraged hydrodynamic
interaction are compared and shown to be in good agree-
ment with each other. This is consistent with the results
of Garcia de la Torre and co-workers.?® All simulations
on 30-subunit chains have preaveraged hydrodynamic in-
teraction.

In the next section, we first present the discrete worm-
like chain model. The Brownian dynamics algorithm is
briefly described along with the treatments of hydrody-
namic interaction that are used. A description of how one
simulates a particular experiment concludes this section.
In section III, we first examine the effects of varying the
stretching force constant and preaveraged hydrodynamic
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Figure 1. Discrete wormlike chain model. The chain consists
of N beads that are not necessarily touching because of harmonic
stretching forces.

interaction on fluorescence depolarization from 10-subunit
chains. This is followed by simulated experiments on
30-subunit chains. The dependence of fluorescence de-
polarization (fd) on the location of the chromophore and
the persistence length is examined. Also, a comparison
between the simulations and the Barkley~Zimm theory is
made. A simulation of depolarized light scattering is de-
scribed at the end of this section. In section IV, the main
conclusions of this work are summarized.

II. Methodology

The discrete wormlike chain (wlc) model used in this
work is shown schematically in Figure 1. N beads of
radius a are linked end-to-end by N — 1 virtual bonds. A
bead radius of 15.9 A was used, since this choice accurately
mimics the overall rotational diffusion of DNA modeled
as a continuous wlc cylinder (radius = 13 A).% Initial
configurations were randomly generated with a slightly
modified version of the Hagerman-Zimm algorithm® in
which the interbead spacing is allowed to vary. The av-
erage interbead spacing was chosen to be 2a (corresponding
to touching beads), while the variance is given by

((b; - 2a)?) = kgT/h 1)

where b; = |b| is the interbead spacing between subunits
jand j + 1, kB is Boltzmann’s constant, T is the absolute
temperature, and h is a stretching force constant described
in more detail below. Initially b; is assigned a value of 2a
+ (kgT/h)V/?X, where X is a Gaussmn random number of
0 mean and variance 1. In most simulations » was chosen
sufficiently large so that (b; — 2a)/2a « 1. In order to
check the chain generation procedure, computed values
of the mean-squared end-to-end distance averaged over
an ensemble (typically several hundred) of computer-
generated chains were compared with known analytic so-
lutions.1”® Agreement was always within a few percent.

In Brownian dynamics, one needs to know the direct
forces acting on all subunits. For the discrete wlc model,
direct forces due to stretching and bending must be con-
sidered. They were derived from stretching (U®) and
bending (U?)%! potentials

N-1
= (h/D L. (b;~ 20 @
N-2
v = g/ L0 3)
e

where g is the bending force constant and 6, is the angle
between virtual bond vectors j and j + 1. The persistence
length, P, is related to g by the expression?!

g = PkyT/%a (4)

Forces on subunit i due to stretching and bending are
obtained from the usual relation, F; = -V,U. Explicit
expressions for the stretching and bending forces are given
in the Appendix. Total direct forces are simply the sum
of stretching and bending forces.
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In order to simulate the Brownian diffusion of N iden-
tical spherical subunits, the method of Ermak and
McCammon is used.? If the initial position of subunit i
is r%, its position after a dynamics time step of duration
At is given by

r; °+—ZD°F°+RAt 5
=r, FTE (At) (5

where F, is the initial direct force acting on subunit j, R;
isa vector of Gaussian random numbers of zero mean and
variance—covariance

(RR;) = 2D, 0At (6)

and D, is the initial hydrodynamlc interaction tensor
between subunits ; and j. In this work, the Rotne-Prager
tensor®? with stick boundary conditions is used to ap-
proximate D;°. The self terms are given by

D; = (kgT /6mna)l {7)

where 7 is the solvent viscosity and I is the 3 X 3 identity
tensor. Since different subunits may overlap, it is neces-
sary to distinguish two special cases when i = j. For
identical, but nonoverlapping, beads

kT FL; 202 1. Tyl

i = (8
8mnr; rit ri? \ 3 rit
where r;; = r; - r; and r;; = |r;|. For identical, but over-

lapping, beads of radius a (ryj < 2a)32%

kgT 9 Ty 3 Yy
o= - —_— = + i
D; 6mna [ (1 32 a I ©

32 ar ij

R,(At) represents the stochastic displacement of subunit
i due to collisions with solvent, and its construction is
described elsewhere.?!®> Each component of R; consists of
a linear combination of 3N normally distributed Gaussian
random numbers (X, =0, (X, X,) = 28,,At). In many
simulations D,;° was approximated by preaveraging.”? In
those cases, orlentatlonal preaveraging of a single chain
configuration was achieved with

(Dij)opa = I T).' (Dl])/3 (10)

Since we are dealing with a flexible system, it is necessary
to average eq 10 over all possible chain configurations.
This was done by simply generating a large number of
different chains (typically 500) and averaging eq 10. These
averaged tensors were then used in eq 5 for subsequent
dynamics.

In order to simulate a particular dynamics experiment,
it is necessary to average an appropriate quantity for an
ensemble of different structures as they evolve in time.
The time evolution of a single chain, henceforth called a
trajectory, is derived by successive application of eq 5. A
dynamics time step, At, of 0.1 ns was used in most simu-
lations since this is small enough to ensure essential con-
stancy of direct forces for this model system. At regular
time intervals during a trajectory, = (7 is a variable integral
multiple of At), quantities related to experimental ob-
servables are computed. For the particular example of
fluorescences depolarization from a dye molecule rigidly
bound to the chain, the relevant quantity is

F(jr,k7) = Py(u(Gr)ulkr)) (11)

where P, is the second-order Legendre polynomial and
u(jr) is a unit vector along the absorption/emission dipole
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at time jr. Because the time average of F is a stationary
quantity,® the following average is computed:
n-j

(F(m)) S 1}EOF(U‘% + J)7.k7) (12)
where the subscript t denotes a time average of a single
trajectory and n denotes the final experimental time step
of a trajectory. This procedure is repeated on an ensemble
(typically 100-500) of different chains and the following
average is computed:

FG7) = (FG))e = (1/m)_§1 (FGn).  (13)

where the subscript e denotes an ensemble average over
m different trajectories. For the special case of fluores-
cence depolarization with collinear absorption and emission
dipoles, F is related directly to the polarization anisotropy
given by?3%36

r(t) = 0.4(Py(u(t)-u(0))) = 0.4F(t) (14)

The additional case of depolarized light scattering is
treated in a subsequent section. It should be emphasized
that several different “experiments” can be carried out in
the same simulation.

In order to quantify the reproducibility of an experi-
ment, each simulation is broken down into a number of
equivalent but independent subsimulations (usually 4 or
5). Overall averages and standard deviations (sy) are then
computed from the F(t)’s derived from the subsimulations.
By the use of the central limit theorem,’” the standard
deviation in F(¢t) for the entire simulation is taken to be
equal to o5/ (n,)'/?, where n, is the number of subsimula-
tions. The error bars in the figures on certain data points
correspond to these standard deviations.

III. Results and Discussion

A. Stretching Forces. In previous work,'” a model
similar to the one employed here was used. The difference
between them involves replacement of rigid-body con-
straints (fixed virtual bond lengths betwen adjacent sub-
units) with harmonic potentials. In general, the confor-
mational statistics and dynamics of the rigid and flexible
models are different even in the limit of an infinitely large
force constant.’® % The conformational statistics and to
a lesser extent the dynamics of the rigid model can be
corrected to yield those of the corresponding flexible model
by adding a compensating metric (Fixman) potential,}53840
In recent studies of a butane-like model, Perchak et al.
demonstrated that the dynamics of flexible and rigid
models are indistinguishable in the high-friction limit.*
Alternatively, the SHAKE algorithm*! or extensions there-
of'**? can be used in simulations on rigid models.!>1743
This algorithm not only enforces constraints but attempts
to do so in a dynamically rigorous manner.

Stretching forces were used in this work to circumvent
the necessity of using computationally expensive constraint
algorithms'®!” and also to account for the finite extensi-
bility of real chain molecules. On the other hand, the use
of stretching forces may necessitate taking short At’s
(especially for large h) in order to ensure essential con-
stancy of those forces during a dynamics step. Indeed,
rapid bond vibrations in molecular dynamics provided the
initiﬁl motivation to develop substitute constraint meth-
ods.

In order to estimate the range of allowed At’s for our
model on the basis of stretching forces alone, consider a
bead of radius a = 15.9 A in an aqueous media at 20 °C
that is harmonically bound at the origin by a spring with
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Figure 2. Effect of stretching force constant, h, on fluorescence
depolarization. In all cases, P = 600 A, Az = 0.1 ns, and N = 10
beads. Reduced force constants are hb?/kgT = 100 (®), 10 (&),
4(m). Dotted circles are for rigid constraints using the SHAKE-HI
algorithm (ref 17).

force constant h = akgT/b?% where « is a dimensionless
constant and b = 2a. The one-dimensional displacement
of the bead in time At is approximately Ax ~ DAtF¢/kgT
= -aDAtx%/b? where x° is the initial displacement. The
mean square displacement of the bead is (x?) = kgT'/h =
b%/a. For sake of illustration, assume o = 100, x° =
(2b?/a)t/? = 4.51 A, and At = 0.1 ns. This yields Ax =
~0.60 A. The magnitude of the force will change by 13%
under these conditions. This can be reduced by reducing
At or a.

Figure 2 shows the effect of varying h on simulated
fluorescence depolarization (fd) experiments. The wlc
consists of 10 beads (a = 15.9 A) with P = 600 A. Each
simulation represents the average of 100 trajectories, and
At = 0.1 ns. The absorption and emission dipole was
placed at the center of the chain collinear with the central
virtual bond (unit vector u(t)). Shown are the results using
three different force constants as well as rigid-body con-
straints (0). Except for the weak force constant case with
h = 4kgT/b? they are in excellent agreement with each
other. These results are consistent with those of other
investigators.®® In all subsequent work reported here, a
value of b = 100kgT'/b? is used.

B. Preaveraged Hydrodynamic Interaction. With
the 10-bead wlc model described in section IIIA, parallel
simulations with and without peraveraging were carried
out, and the results for fluorescence depolarization are
shown in Figure 3. Within the uncertainty of the simu-
lations, preaveraging has no noticeable effect. From a
computational standpoint, it is highly advantageous to
preaverage hydrodynamic interactions (HI).

Without preaverging, it is necessary to recompute the
configuration-dependent D,;’s repetitively during the time
course of a simulation. Furthermore, in order to calculate
the stochastic displacements, R;(At), which satisfy eq 6,
one must calculate a 3N X 3N matrix (N is the number
of subunits) that is essentially the “square root” of the
generalized 3N X 3N diffusion matrix.*'® The number
of calculations required to calculate the diffusion matrix
and its “square root” varies as N? and N3, respectively.
(However, Fixman* has devised an algorithm in which
computation of the R;’s varies as N?.) Since computing
these quantities is rate-limiting for dynamics, computation
time increases approximately as N? - N3, which limits one
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Figure 3. Effect of preaveraging hydrodynamic interaction on
fluorescence depolarization of 10-subunit chains. Filled and dotted
circles represent no preaveraging and preaveraging, respectively.
In both cases, P = 600 A, At = 0.1 ns, and hb?/kgT = 100.
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Figure 4. Rotational diffusion of a nearly rigid rod with
preaveraging of hydrodynamic interaction. All three curves are
from the same simulation with P = 5000 A, At = 0.025 ns, hb?/kgT
=100, and N = 10 beads. In (a), (b), and (¢) u is a unit vector
between nearest-neighbor subunits in the center of the chain, next
to nearest-neighbor subunits in the center of the chain, and the
first and last subunits, respectively. Apparent rotational diffusion
constants (slope = 6Dg) of 2.58 X 10°%, 2.47 X 10%, and 2.42 X 10°
s are obtained for slopes (a), (b), and (c), respectively.

to fairly short chains. In the case of preaveraged HI, on
the other hand, it is necessary to compute the diffusion
and “square root” matrices only once. For wormlike chains,
computation time will vary as N, making simulations of
much longer chains possible.

To illustrate that preaveraging in Brownian dynamics
yields accurate overall rotational diffusion constants, sim-
ulations were carried out on nearly rigid rods, and the
results are shown in Figure 4. From the slopes of these
curves (=6Dg where Dy, is the rotational diffusion con-
stant), Dy = 2.58 X 10%; 2.47 X 10%, and 2.42 X 10° s7! for
a, b, and ¢, respectively. Using other methods, Garcia de
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Figure 5. Fluorescence depolarization from chromophores bound
to different sites on a 30-subunit chain. u is a unit vector between
adjacent subunits. Filled circles correspond to u vectors at the
center of the chain, unfilled squares to the third u vectors from
the chain ends, and unfilled circles to the u vectors at the end
of the chain. P =400 &, At = 0.1 ns, and hb?/kgT = 100.

la Torre and co-workers® obtain 2.48 X 10° and 2.57 X 10°
s~! with and without preaveraging, respectively, for a rigid
array of 10 beads (a = 15.9 A, T = 293 K, n = 0.01002 P).
Because of the statistical uncertainty inherent in the sim-
ulation method, it would be difficult to distinguish the
3.4% discrepancy between the preaveraged and non-
preaveraged rotational diffusion constants of this structure.
Incidentally, a relatively short time step was used in this
particular simulation to ensure constancy of bending
forces. According to eq 4, a persistence length of 5000 A
requires a large g.

C. Thirty-Subunit Wormlike Chains. Preaveraging
HI and using stretching forces instead of rigid-body con-
straints have made it possible to carry out simulations on
much longer chains. Figure 5 represents fluorescence
depolarization from a 30-subunit chain (L = 922 A) with
P =600 A. As before, the emission dipole is taken to be
collinear with a virtual bond vector. There is considerably
more motion at the very end of the chain (O) than at the
center (®). However, these end effects fall off rapidly as
one moves into the chain. The squares (0) correspond to
a dipole located approximately 60 A from the chain end,
and for times less than about 80 ns, the results are in-
distinguishable from those of a dipole located at the chain
center. At longer times, however, end effects become no-
ticeable, which may be an important factor in experiments
like triplet anisotropy decay,**5 where excited-state life-
times are long. If the wlc’s were behaving as truly rigid
bodies, considerably less depolarization would occur. From
the work of Hagerman and Zimm,** one can determine
(Dgp) = 2.48 X 10* s7! for an ensemble of “frozen” 30-
subunit wlc’s with this persistence length. For rigid wic's
with this assumed dipole geometry®>%

=In (Pyu(0)-u(t)) = 6(Dy)t (15)

At 200 ns, 6({Dg)t = 0.030, which is substantially lower
than the value observed for flexible chains.

The effect of P on fd is shown in Figure 6. Except for
differences in P, the model parameters are identical with
those of the previous figure. Evidently, fd is very sensitive
to cl:;:in stiffness, particularly when P is less than about
500 A.

The simulated results shall now be compared with the
Barkley-Zimm theory of bending.?® In this model, the wlc
is represented as a very long elastic cylinder with a
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Figure 6. Effect of P on fluorescence depolarization from 30-
subunit wormlike chains. u is a unit vector located at the chain
center. P (A) = 200 (O); 400 (®); 600 (D); 800 (W). Other pa-
rameters are the same as in Figure 5.

fluorescent probe attached at its center. A cylinder radius
of 13 A and P = 400 A were used in the Barkley-Zimm
theory for comparison. To suppress the contribution of
overall rotation, 6(Dg)t is subtracted from the data of
Figure 5 (filled circles). As shown in Figure 7, the results
are in excellent agreement with each other despite dif-
ferences in the two models. As pointed out by Schurr,
however, the anisotropy expression of Barkley and Zimm
is incorrect (eq IV.11 of ref 25). For the special geometry
used in this work, the correct anisotropy expression is

r(t) = 0.4(Pyu(0)-u(t)) = 0.4 exp(-3A(t)/2) (16)

where A(t) is the bending function of Barkley and Zimm.
Equation 16 along with eq IV.16a of ref 25 was used to
obtain the X’s in Figure 7. The contribution of overall
rotation was subtracted from the simulated results since
eq IV.16a of ref 25 represents the contribution of internal
bending (see eq I11.21%). According to a reviewer, however,
eq IV.16a leads to an overestimate in A(¢) by about 2(Dg)t
and this occurs as a result of replacing a sum by an integral
in the derivation of eq IV.16a. The leading correction term
in the Euler-McLaurin summation formula for A(t) is
approximately -2(Dg)¢. Substracting 2(Dg)t from the
crosses in Figure 7 lowers them by 2.48 X 107, 4.96 X 1073,
and 9.92 X 1078 at ¢ = 50, 100, and 200 ns, respectively.
In any case, this correction is a minor one.

A similar comparison was made previously between the
Barkley-Zimm theory and simulations on a 10-subunit wlc
but with P = 600 A.17 Although the agreement between
them was quite good, the simulated fd results were lower
than predicted by the Barkley—Zimm Theory. This dis-
crepancy was attributed to long-range relaxations present
in long chains but absent in short ones. The present results
also appear to rule out the possibility that tensile forces
acting along the chain reduce the amplitude of bending
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Figure 7. Comparison with the Barkley-Zimm Theory. Data
points from the simulation (O) are those of Figure 5 with the
contribution of overall bending subtracted out. Crosses (X) denote
the Barkley-Zimm Theory. f(t) = - In (Py(u(0)-u(¢))) - 6-
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in long chains. On the basis of these results, it is concluded
that the bending theory of Barkley and Zimm? is accurate
at short times, provided the dynamics of the chain interior
is of interest. It was assumed that the emission dipole of
the fluorescent chromophore is collinear with the chain
backbone to eliminate contributions due to torsional
motions that are adequately described by analytic theo-
ries.”®%4  From experimental fd studies of ethidium
bromide bound to DNA, it is possible to deduce a torsional
rigidity of about C = 1.3 X 107'° erg cm.22244 This is
significantly lower than the values of 2.4 X 107'® and 2.9
X 107*° erg cm obtained from rates of ring-closure*’ and
DNA supercoiling® studies, respectively. In the fd studies,
however, the contribution of internal bending has been
ignored in the past. Including it would increase C and
reconcile, to a large extent, the differences between fd and
other methods (Schurr, J. M., private communication).

With regards to low-angle depolarized light scattering
(dls), the chain is modeled as N - 1 anisotropic scattering
elements each with two distinct polarizability components
parallel and perpendicular to the corresponding virtual
bond vector. The relevant average in this case is a reduced
dynamic structure factor defined by*®

N-1 N-1

1
G(¢) = ™o E J§<P2(ui(0)'uj(t))) 17

where u,(t) is a unit vector along with jth virtual bond at
time t. Unlike fd (eq 14), correlations between different
scattering elements contribute to dls. In the special case
of rigid structures, the dynamical behavior of r(t) and G(t)
is identical (i.e., r(t)/r(0) = G(t)/G(0) = exp(-6(Dg)t)).
This, however, is not the case for flexible structures.
Simulated dls results for a 30-subunit wlc with P = 400
A are shown in Figure 8. Both fd (Figure 5) and the dls
(Figure 8) experiments were carried out in the same sim-
ulation. However, the fd experiment is far more sensitive
to rapid internal motion than dls. Evidently, only the
slower collective and overall motions are correlated be-
tween two scattering elements that are relatively far apart
from each other. Since these terms dominate dls from long
chains, this experiment is not as sensitive to local motions
as fd. However, dls is not entirely insensitive to local
motions. From the long-time slope of Figure 8, equating
it to 6(Dg), we obtain (Dg) = 8.3 X 10* s, which is
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Figure 8. Depolarized light scattering from 30-subunit chains.
Parameters are the same as in Figure 5. g(t) = -1n [G(¢)/G(0)].

substantially higher than the “frozen” value of 2.48 X 10*

g71,%0 There is apparently still internal motion in dls at-

times of 100-200 ns.

IV. Summary

Simulations have been carried out of fluorescence de-
polarization and depolarized light scattering with a discrete
wormlike chain model of up to 30 subunits. It was found
that replacing rigid-body constraints with harmonic con-
straints does not affect the results of the two experiments
unless the stretching force constant is set very low.
Preaveraging hydrodynamic interaction was found to have
a negligible effect on fluorescence depolarization from
10-subunit wormlike chains. Preaveraging HI made it
feasible to carry out the simulations on 30-subunit chains.

The fd simulations indicate a considerable amount of
internal motion as well as a high degree of sensitivity to
the flexibility of the wormlike chain. The simulation re-
sults are found to be in excellent agreement with the
bending theory of Barkley and Zimm?® when the chro-
mophore is placed near the center of the chain. Depo-
larized light scattering was found to be less sensitive to
internal motion. Nonetheless, internal motion is still
present at the short times explored in this work.

The number of trajectories carried out in a simulation
ranged from 100 to 500. The number of trajectories re-
quired to obtain high accuracy depends to some extent on
the “experiment”. For example, to achieve comparable
statistics in depolarized light scattering and fluorescence
depolarization, about 4 times the number of trajectories
have to be carried out in the former experiment.
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Appendix

Let u; = b;/b; denote the unit vector between subunits
jand j + 1. Stretching forces are given by

Fls = h(bl - 2(1)111
Fjs = _h(bj_l - 2a)u]~_1 + h(b] - 20)uj 2 5] <=N-1

FNS = _h(bN—l - 2a)uN_1 (A‘l)
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The bending forces turn out to be
F;° = —g(u; - uy) /b,
Fy° = g(u; - u)(1/b; + 1/by) - g(uy — uy) /by

Fjb = —g(uj_l - uj_z)/bj_l + g(uj - llj_l) X

(1/by +1/b) —guj —u) /b, 3<j<N-2

FN—lb =
—g(uy_y — Upn.g) /by + gy — un (1 /by + 1/byy)

Fp® = —gluy., - uyp) /by (A-2)

In order to derive these bending forces, it is necessary to
assume that the angle between adjacent virtual bond
vectors is small, or in other words, uru;y; =~ 1. In the
special case of constant bond length, these forces simplify
to yield the Harris—Hearst bending forces.?
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Static and Dynamic Properties of Polystyrene in Good Solvents:
Ethylbenzene and Tetrahydrofuran
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ABSTRACT: We report static and dynamic light scattering studies of polystyrenes of narrow molecular weight
distribution in ethylbenzene (EtPh) and tetrahydrofuran (THF) as solvents. These experiments generate
values for z-average radius of gyration, (R;),, weight-average second osmotic virial coefficient, A,, z-average
translational diffusion coefficients, (D.),, and hence the diffusion virial coefficients, kp, and the z-average
of the inverse frictional radius, (R¢),. The results show that while for a specific molecular weight the (R,),
values in THF are similar to our experimental values in ethylbenzene and to literature values in benzene or
toluene, the A, values, as well as hydrodynamic radii, are substantially larger for THF. We find that values
of “universal ratios” of static and dynamic quantities in ethylbenzene are in good agreement with predictions
of renormalization group theory appropriate to the nondraining good-solvent limit, while those for THF are
not. We present a more stringent test of universality by plotting the static light scattering data directly in
a “scaling” form. Identical polystyrene samples in THF and ethylbenzene are clearly different when analyzed
in this way, although they do conform to an empirical universal description for solvents of arbitrary quality.
These analyses suggest that in THF polystyrene exists in a more flexible conformation and is closer to the
nondraining, good-solvent limit.
Background AM?
Interest in measurements of the transport properties of V= 473/2N (R ?)%/? @
polymer chains in good solvents has revived recently be- g
cause of new theoretical developments that have estab- AM
lished procedures by which realistic predictions of ex- Usp = —[_]_ @)
perimental parameters can be made for such systems. On K
the one hand, numerical simulations of chain dynamics, _ f
usually using Monte Carlo methods previously confined Up = (R2)1/2 4)
to Gaussian chains,'? can now be extended to self-avoiding & e
walks,?® thus enabling one to incorporate the excluded- M)
volume effect. On the other hand, successful application = p e (5)
of renormalization group (RG) techniques® to describe NalRg*)
features of polymer chain statistics with excluded volume™® d
have led recently to RG calculations of polymer hydro- an
dynamic parameters.®12 M} \Y39,
Theory predicts”® and experiment appears to confirm!3!* Uy = N - (6)
that structural radii, R, exhibit power scaling laws against A f

molecular weight, M, of the form
R~ M (1)

where v is a characteristic exponent. For Gaussian coils,
v = 0.5 and, as solvent quality increases, v rises smoothly
to the asymptotic value v = 0.588. Experiment indi-
cates'®'* that the crossover occurs more sharply for the
static radius (R,), than for the hydrodynamic radii. Re-
cent RG calculations further predict specific values for
certain universal ratios of static and hydrodynamic pa-
rameters.” These are
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where the frictional coefficient f = 6xy R; = kT/6mn,D%
and DP is the limiting translational diffusion coefficient.
In eq 2-6, [n] is the intrinsic viscosity, 5, is the solvent
viscosity, N, is Avogadro’s number, & is the Boltzmann
constant, and T is absolute temperature. These quantities
have been calculated recently® for both the © and as-
ymptotic good-solvent limit, the hydrodynamics being
formulated within the Kirkwood-Riseman model with a
full Oseen tensor description.

Polystyrene is one of the most widely studied polymers
because of the availability of polymer samples of narrow
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