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Simulations of Concentrated Suspensions of Semirigid Fibers: Effect
of Bending on the Rotational Diffusivity
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ABSTRACT: Brownian dynamics simulations of the behavior of semirigid polymers demonstrate that small
deviations from rigid models affect the dynamics of rod suspensions and that the dynamics are sensitive to the
hydrodynamic model. Simulations were performed with two models having different short-time diffusivities.
The first was a slender-body dimer model, where two rigid slender-bodies are joined at their ends, and the second
was a three-bead trimer model where the beads are connected by rigid rods. A potential was applied to hinder the
bending of the rods. An aspect ratio (rod length over diameter) of 50 was used for all simulations, and an excluded
volume potential was used to prevent the rods from crossing one another. Simulations of systems of stiff rods
which are not quite rigid show a delayed onset of semidilute behavior in comparison to simulations of rigid rod
systems, with different hydrodynamic models providing different power-law scalings of the rotational diffusivities
within the semidilute concentration regime.

1. Introduction Slender-Body Dimer Three-Bead Trimer

Recent computer simulatichfiave demonstrated that the
choice of model used to represent individual rods within a
concentrated suspension of rigid rods with excluded volume
interactions substantially impacts the rotational dynamics. The !

key difference is th(_e distribution of th_e hydrodynamic_resistance g % “aq
along the rods which alters the ratio of the short-time diffu- p; P;
sivities, L?Dry/Dr,, WhereL is the total length of the rod, and @ @ @ x @ = +Xi(u,2) +x 93
Dg, and Dy, are the rotational and average center of mass XU=0g )2 @ _ @, 0D
diffusivities of a single rod at infinite dilution. The rotational © @) (&) L P;

. L. . K . p. =@ ~+p. 2 @h_,_(%2) _ (o1) /( (@2)_ (a,l)l
diffusivity has been theorized to have a power-law scaling in i i i Py = xR
the semidilute regime dDr/Dg, ~ (nL%)*.2~4 Cobb and Butlér p.*P=(x P x “P(x, V- 7))

showed thatv can be as low as-2 in agreement with the . _ ) . .
imulations and theories of Ddican equal—1 in agreement Figure 1. Two models of the semirigid rods used in the simulations,
Simu a 9 wherel is the length of each individual segment of the rdds the

with other work by Fixma#* and Bitsanis et aP.f and ranges  diameter of the slender-body dimer model, ané the diameter of
from any value between approximatelp.2 and—2 depending each bead in the three-bead trimer model. Also included are the

on the ratio ofL2Dg/Dr, for the model used in the simulation. equations for calculating the overall center of mass positiéhand
. ° - . orientationpi® of rod o based on the positions and orientations of
Small deviations from perfect rigidity have also been cited each component.

as having a significant impact on the dynamics of rod
suspension$:® Experiments on fibers of polytbenzyli- then presented in section 3, and the discussion and conclusions
glutamate) (PBLG) suspended im-cresol® have been cited  pased on these results are in sections 4 and 5.

many times as a model system for suspensions of rigid

rods®611.12However, recent criticisms have raised questions 2. Simulation Method

about whether the results of the experiments performed by Mori
et al1%should be compared to the results of simulations of rigid

rods since PBLG may not be completely rigig#14Cush and ; 5 6 i
Russ@ claim that flexibility in the PBLG polymer, especially d[mer composed of two slender-bodiédand the second is a
' . : - trimer composed of three bealisBoth models are composed
near the ends of the fibers, causes a difference in the results NS two rigid segments connected by constraints, similar to the
compan;on to. rigid rods. . “once-broken rod” mode® A bending force is applied which
~ The simulations performed here used two simple models 10 pingers the bending of the rods. For a high bending force, the
investigate the dual role of slight bending and choice of model slender-body dimer behaves as a rigid slender-body, having a
on the dynamics of concentrated systems of semirigid rods. The,,5),e 0fL2Dr/Dr, = 9 andDy/Dy, = 2,921 whereD, is the

small deviations from rigidity delay the onset of semidilute iffysivity in the direction parallel to the central rod axis at
behavior in suspensions of rods, while the choice of model jxfinite dilution, and Dr, is the diffusivity in the direction
results in different power-law scalings in the semidilute to herpendicular to the central rod axis at infinite dilution. The
concentrated regime. The methods used to perform simulationsyyree-head trimer behaves as a rigid trimer when a high bending
are discussed in section 2. The results of the simulations aregyrce is applied, having2Dr/Dr, = 6 andD;/Do = 1.
The center of mass positiogf® of each rod is calculated by
* Corresponding author. E-mail: butler@che.ufl.edu. averaging the center of mass positions of each segment of the

In the simulations performed here, two different models were
used for the rods as shown in Figure 1. The first model is a
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rod. The slender-body dimer model is composed of two
segments each with a center of mag& andx (@2, The three-
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forces are initially projected orthogonal to the constraints. The
Brownian forces are given by

bead trimer model is composed of three beads with centers at

xi(@D), (@2, andx;(®3). The unit vectop;(® defines the overall
orientation of roda, which is calculated by averaging the two
individual segment orientationg(*% andp;*2. For the three-

(8)

B = g @@

wherew;® is a random vector of length 12 for the slender-

bead trimer model, the orientation of each of the two segmentsb dv di del and 9 for the th bead tri del f
is calculated by taking the difference between the center of mass ody dimer model an or the three-bead trimer model for

positions of the two beads on the segment (beads 1 and 2 for€ach roda. The vectow;® has the properties of
segment 1 and beads 2 and 3 for segment 2) divided by the
W9=0, and W W= 0,

magnitude of the distancé) between them.
2.1. Governing Equations.The dynamics of each rod is

The matrix<s;(@ is related to the resistance matrix through the

relation

©)
given by the Langevin equations without inertia

gij(a)rj(a) — ‘f/é_i(a’ Br) 4 (Z(u, Ev) 4 (‘/)Ti((x, Bend)+ {/Ti(a, Const)+

2k T

T () £ @
At °i

6,0, = (10)

whereg;® is the hydrodynamic resistance matrix of r@dnd

1@ is a vector containing the center of mass and rotational
velocities of rodo. For the slender-body dimer model the vector
1@ is defined as

where the Dirac function is approximated by At for the
purpose of making discrete time stés.

2.3. Evaluation of Excluded Volume and Bending Forces.
A short-range repulsive potential maintains the excluded volume
of the rods. This force acts on neighboring rods at the points of
closest approach?® contributing to both the rotation and
displacement of the center of mass. The forces between an
interacting pair of rod segments are equal in magnitude and
opposite in direction, acting along the common normal vector
between the segments. Multiple repulsive forces may act on a
single segment of a rod, depending on the separation distance
between the surrounding fibers. The repulsive force is calculated
between each segment of one rod and the two segments of every

other rod in the system. The form of the repulsive potential
is>6

rJ(a) — [).(i(ay 1), )~(i((1v 2), pi(uv 1)’ pi(av 2)] (2)
wherej has a length of 12, has a length of 3@ andx(®*2
are the center of mass velocities of segments 1 and 2 afiyod
andp@D andp(@2) are the rotational velocities of each of the
two segments. For the three-bead trimer model the vegtor
is defined as

O = %@,

=10 %2, %) 3)
wherej has a length of 9, ang(@b), (@2, andx@3) are the
center of mass velocities of the three beads. The terifsen,
(:»7i(a,Ev), {/‘,’i(a,Bend)’ (‘:‘7i(0.,Const), and(z(a,(ﬁorr) are the Brownian,
excluded volume, bending, constraint, and correction forces and
torques acting on each segment of mdeach force vector is
then defined for the slender-body model as

‘Se—(hlo')2
sin(®)

) = (11)

wheree ando are the parameters that determine the magnitude
and range of the potential, s#f)(is the angle between the pair

@) _rpl) s(2) =@l) g2 ( 4 ! : .
7] (R F2 RS ) ) of interacting fibers|iip@pc@]), andhis the closest distance
d for the th bead di del between the center lines of a pair of fibers as calculated in the
and for the three-bead dimer model as work of Frenkel and Maguiré The excluded volume forces,
. Fi@B) ysed in eq 1 are calculated from the potential in eq 11
7](&’) _ [Fi(a,l)’ Fi(a,z)’ Fi(a,s)] ) i q p q

by taking the derivative of the potential with respect to the
Lo . separation distancle. All simulations presented here used an
where the indices andj have the same values as those for the g¢factive aspect ratio of 50, where= (50/3)ksT and o =
velocity vectors in egs 2 and 3, and the * indicates the type of 4 5771 These parameters for the excluded volume potential
force or torque being applied (Br, Ev, Bend, Const, or Corr 8S result in a short-range force which is approximately zero after
in eq 1). The forces on the centers of mass of the slender-bodies, gistance of about 20% of the rod length. The excluded volume
and the beads of the three-bead dimer models are givé, by potential becomes singular when the rods are perfectly parallel,

and the torques (weighted forépare given byF;. , and so care must be taken in the simulations in order to avoid
2.2. Evaluation of Brownian Forces. The fluctuating unrealistic results.

Brownian forces satisfying the fluctuation dissipation theorem The rigidity of the rods is controlled by a bending force. The
have a mean of zero, form of the bending potential 3&

(o, Br)
J7eB=0 (6) U Bemd) = i T Dp @2 (12)
|
and a variance of
where the stiffness paramet&r sets the magnitude of the
Qz(av Bf)g'j(av B = 2kBT§ij(a)6(t —t) (7) potential. The bending forces7;(Bend) are calculated by taking

the derivative of the potential with respect to the configuration.
For the simulations performed in this study, the dimensionless
parametelK was set equal to 300 for rods with little bending
and 10 for simulations of slightly more flexible rods. CDV

wherekgT is the thermal energy and(t — t') is the Diraco
function. These simulations use unprojected Brownian
forces!>1622ynlike other approach&where the Brownian
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2.4. Evaluation of Constraint and Correction ForcesRigid In(2A)/47ul, whereA is the aspect ratio (rod segment lengjith
constraints are placed on the rods so that the two rod segmentslivided by rod diameterd) and x is the viscosity of the
remained attached. The constraint equations are defined as suspending fluid. The indices andn defining the matrix size

range from 1 to 12 and the indiceandj defining the subblocks
(a> = X1(a A XI(M) 4 l(pi(“’l) + pi(a'z)) =0 (13) range from 1 to 3. By the definition @f(® made in eq 2, the
2 first two terms lying along the diagonal correspond to the center
of mass mobilities of segments 1 and 2 of the slender-body
dimer model and the last two blocks correspond to the rotational
ga(a) = (x@aD) — x @2 _ ;2= (14) mobilities. The mobility matrix for the three-bead trimer model
is defined as

for the slender-body dimer model and

for the three-bead trimer model. The constraints for the slender-

body model state that the positive end of segment 1 oforod . 0
must coincide with the negative end of segment 2. The (gmn(u)) =10
constraints for the three-bead trimer model require that neigh- 0
boring beads remain separated by a fixed distdiatall times.

The first constraintd = 1) of the three-bead trimer model acts Where Emi®)~! has been made dimensionless by dividing by
between beads 1 and 2 of racand the second constrairat € the quantity 1/Gua, wherea is the diameter of each bead. For

i

o > O

0
ij O (19)
S5

2) acts between beads 2 and 3. the three-bead trimer model the indio@sand n defining the
The constraint force is given by2224 matrix size range from 1 to 9 and the indideand] are the
same as with the slender-body dimer model. The upper left
(Const)_ (a)ag (o) subblock corresponds to the center of mass mobility of bead 1,
7 =4 — o (15) the center subblock corresponds to the mobility of bead 2, and
ar; the lower right subblock corresponds to the mobility of bead 3.

As the concentration of the semirigid rods increases, the
mobility of each rod is reduced due to the excluded volume
interactions with the surrounding rods. Consequently, the long-
time diffusivity is altered. The long-time diffusivities are
calculated from the positions and orientations of the rods over
() g,( s= 0 (16) time. The average center of mass diffusivity is calculated by

ar;*

where the force is the product of the vector of Lagrange
multipliers 4 and the derivative of the constrairgg®. The
Lagrange multipliers are calculated usihg

[t + 7) — x (1) = 6Dt (20)

which requires that the rod velocities remain perpendicular to
the constraints. for large values oft. The bracketddlindicate an ensemble

Once the forces acting on the rods are calculated, eq 1 isaverage over the time and rods The average center of mass
integrated in time using the midpoint meth&d® Naive position is calculated as seen in Figure 1 for each model.
application of rigid constraints using unmodified Brownian To characterize the rotational dynamics of the semirigid rods,
forces as defined in section 2.2 in conjunction with the midpoint a rotational diffusion coefficienDg, is defined in terms of the
method produces a probability distribution function which does orientation of the end-to-end vector for the fdd
not generally agree with kinetic theory. An additional force

given byt516:22 b9t + )p @)= exr{—ZDRr] (21)
- (@.Com _ #g.” [9g, @\-19% @) 5g,® @ where p@ is the average opi(1) and pi(©2 (see Figure 1).
=4 = W 5 (a)( ) W (a)(fmj ) The overall orientation is renormalized before the diffusivities
Fjor 7\ or " Fm (17) are calculated in eq 21 in order to ensure thé is a unit
vector.

is applied to correct the dynamics so that the integration Periodic boundary conditions were used in the simulations
procedure produces a distribution consistent with the kinetic to approximate an unbounded suspension. A cubic box of length
theory for a flexible polymer model employing stiff spring 3.0L was used for the simulations for dimensionless number
forces. The correction force defined in eq 17 can be evaluated densitiesnL® from 50 to 150, wherg is the total length of the
analytically as a function of the internal configuration for the rod. A box with sides of length 2.25was used for the
models appearing in Figure 1. concentrations ofiL® = 200 and 250. The number of rods

2.5. Diffusivity Calculations. The simulations performed in  simulated was determined by the size of the box and the desired
this study ignore hydrodynamic interactions between rods and number density. The various simulations used between 169 and
rod segments. Under this simplifying conditions, the mobility 506 rods and used a dimensionless time-step »f108 for a

matrix for the slender-body dimer model is giventhy? total dimensionless simulation time of 1.0. The time-step was
. made dimensionless by dividing byrdL3/kgTIn(2A) for the
Em ) "= slender-body dimer model, and byr@al?/kgT for the three-

bead trimer model. The time-step was determined to be small

8+ 0 0 0 enough to resolve the excluded volume forces. At the highest
0 8 +p(“p? 0 0 concentrations, the displacement caused by the repulsive forces
0 0 (120, = p“"p*?) 0 is no more than 2% of the rod length, ¥io of the interaction
0 0 0 (120, = p“?p*?) distance of the repulsive force. The values of the diffusivities

(18) calculated from the simulations were determined to be conver-
gent in time by dividing the time step by two for the case of
where the mobility £,)~1 has been divided by the quantity nL3 = 150 for both models at eithef value and the result&DV
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i i Figure 3. Values of the ratio of the dilute values of the diffusivities

Figure 2. Probability distribution ofp@Dp@2 based on the value of ~ L?Dry/Dr, resulting from theK value chosen for the magnitude of the
K used for the bending force with the slender-body dimer model. The bending force between the segments of codThe values ofL?Dr/

values ofK used in the simulations were 10, 100, and 300. The inset Dr, for the semirigid rods were normalized by the rigid-rod values for
is a magnification of the area whepg*Yp,©2 is close to 1. each model.

were equivalent. The effect of the size of the simulation box 007 /

was also determined to not be a factor in the results of the
simulations by increasing the size of the simulation box by 50%
at the concentrations @fl.3 = 50 and 150 for both models.

3. Results

The following sections present the results of the simulations.
First, simulations were performed of individual rods to quantify
the effect of the bending forces. The results of simulations of
concentrated suspensions are then presented with a study of the /
behavior ofDgr/Dg, as a function of the choice of model and ———— 7T
the degree of rigidity of the rods. The results of the effect of 0 0.05 01'1 0.15 02
bending on the translational diffusivities are also presented. Figure 4. Plot of the orientation autocorrelation function0.5

3.1. Simulations of Individual Rods.To determine the effect  In((t + T)pi(“)(t)nger time for the slender-body dimer model at
of bending on individual rods, studies were performed in which CO”.Cf?”tr.at'O” onth =50 andhK = 300HaTh'? inset of thg graphis a
the magnitude of the bending force was varied. With no applied magnification at short times showing thiak, is recovered.

-0.51n < p “t+1) p 2t) >
S L o 2 9o 2
2 8 38 8 2 %

o

bending force = 0), the probability distribution of;*Dp;(®2) For studies of concentration effects, two different values of
is uniform as seen in Figure 2. The probability distribution of K were chosen. The firs&k = 300, was chosen in order to
piVp*2is calculated by dividing the range efl to+1 into produce rods which were nearly rigid. The second vakies

200 equal sized bins, counting the number of times that the 10, was chosen in order to produce rods with a small degree of
angle between the rods falls into each bin, and then normalizing flexibility. The value of K = 10 results in a rod that is still
the count in each bin by the largest count. The value of fairly rigid, with p;(@Yp(@2 rarely falling below 0.6.
piVp(*2 = 0 corresponds to a rod bent at*9@hile a value 3.2. Rotational Diffusivities at High Concentrations.
of pi@Yp(®2) = 1 corresponds to a straight rod. The probability Systems with higher concentrations were studied using the
distribution seen in Figure 2 approaches that of a rigid rod as models identified in the previous section. Figure 4 shows a plot
the value oK increases. The inset in Figure 2 shows the quick of the autocorrelatior-0.5 Inp@(t + 7)p@(t)Cas a function
decay of the probability distribution to zero for the rods with of time 7 for a suspension of slender-body dimers at a
= 100 andK = 300. As expected, simulations confirmed that concentration ofnL3 = 50 and K = 300. The rotational
the probability distributions for the slender-body dimer and the diffusivity is calculated from the slope of the line after the
three-bead trimer models match. system has come to equilibrium. For the simulations Wit

The value oK affects the ratio of the diffusivities at infinite 300 the dilute value of the rotational diffusivity is recovered at
dilution (L?Dg,/Dr,) for the rod models, as shown in Figure 3. short times. The long time rotational diffusivity is then calculated
The values of the ratios for each semirigid rod model have beenfrom the slope of the graph at longer times.
normalized by the values for the corresponding dilute, rigid-  Figure 5 shows the values of the rotational diffusivities for
rod models. FolK = 5, the ratioL?Dgry/Dr, for the slender- the models wittK = 300 as well as for completely rigid rods.
body dimer model is 18.6% higher than the ratio for a rigid The simulations of the rigid rods were performed using the
slender-body model. Similarly, the normalized value of the ratio algorithm described by Cobb and ButferThe rotational
for the three-bead trimer model is 9.1% higher than the ratio diffusivities for each model are normalized by the rotational
for a rigid trumbell. As the value oK increases from 5, the  diffusivities of that specific model at infinite dilution. A power-
values of the ratios for the two rod models approach the valueslaw scaling ofDr/Dg, ~ (nL3)" is used to compare the results
for rigid rods. The decrease in the ratio for the semirigid rod of the simulations obtained in this study with the published
models comes from a decrease in the rotational diffusivity as theories>3478The scaling calculated for the slender-body dimer
the K value increases. The values of the center of mass model isv ~ —1.95, and the scaling for the three-bead trimer
diffusivities remain constant regardless of the valuagfaince model isv ~ —1.36 over the concentrations of3 = 70 to
hydrodynamic interactions between the rod segments arel50. These values for the power-law scaling are close to those
ignored. of rigid rods! The relative values of the rotational diffusiviti%sDV
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Figure 5. Rotational diffusivities of rigid slender-bodies and three- nL
bead trumbells in comparison to the slender-body dimer and three- Figure 7. Translational diffusivities for the semirigid models with
bead trimer models witK = 300. The diffusivities are normalized by =10 in comparison to the diffusivities for rigid rods. The valueDaf
their respective dilute values and are plotted as a function of the numberfor the semirigid models is reduced by about 20% from the dilute value,
densitynL®. and so lowers the overall center of mass diffusivity.
1.00_; displayed in Figure 7 were calculated using eq 20. The
i_ R displacements parallel and perpendicular to the central rod axis
] 2! g H were calculated by projecting the rod center of mass displace-
2 - lﬁ e ment along the orientation over timé&® The diffusivities of
- o ® .l\.\ the rods withK = 300 are indistinguishable from the rigid rod
Q“ 0.104 A Z <’;-\0. values at all concentrations simulated. The valuel D, are
a4 2%y, m qualitatively different for models witlK = 10 as compared to
{1 ® Three-Bead Trimer, K=10 A ® the rigid-rod models at concentrations greater theh= 50.
1@ StenderBody Dimevazég AL The values oD+/D, are higher for the semirigid rods witk
1< ree-Bead Trimer, K = (L") '.\ — . 3
A Slender-Body Dimer, K = 300 . 10 up to concentra_tl_or_\s ofl 70. The val_ues 0oD+/Dy,
001 are lower for the semirigid rods at concentrations greater than
10 T T 00 o nL3 = 130. The values obD/Dy, are higher for the semirigid
nL? rods until abounL3 = 110.

Figure 6. Rotational diffusivities of the rigid-rod models in comparison Examining the difference between the semirigid and rigid rods
to the semirigid rod models witk = 10. The scaling of the semirigid ~ shows that the diffusivity parallel to the central rod axi/(
rod models at concentrations greater téf = 130 approach that of Dy,) is reduced to about 0.8 at the highest concentrations for

the rigid rods. the rod models withK = 10, whereasDy/D;, was virtually
are consistently higher for the semirigid rods, which shows that unchanged for the rigid-rod models. This decreas®iiD,
even small deviations from rigid models cause a difference. The results in a reduction of the overall center of mass diffusivity
average difference between the diffusivity values is 9.8% over at high concentrations from about 0.4 for the rigid rods to 0.3.

the range of concentrations studied. The diffusivity perpendicular to the central rod axis is almost
Over the same range of concentrations, the values of thenonexistent at these high concentrations, whBrg/Dy, is
rotational diffusivities for the more flexible rods with = 10 reduced by about 97% for the slender-body dimer model and

differ significantly from the diffusivities of rigid rods. Figure 6  98% for the three-bead trimer model. The perpendicular
shows that over the range of2 = 70 to 150, the values of  diffusivities for the slender-body dimer model at low concentra-
Dr/Dr, are higher for the simulations with the semirigid rods. tions up tonl® = 90 are smaller than the corresponding
The power-law scalings over this range of concentrations for diffusivities for the three-bead dimer model for both the rigid
the rods withK = 10 arev ~ —1.40 for the slender-body dimer ~ and semirigid rod models. This difference arises from the
model andv &~ —1.01 for the three-bead trimer model. The anisotropic vs isotropic center of mass diffusivities for the
power-law fit is also not particularly good over this concentra- slender-body dimer and three-bead trimer models, respectively.
tion regime, with the coefficient of determinatioR?f having ~ The percentage error in the center of mass diffusivity calcula-
a value of about 0.92 for both models. If the concentration range tions was also within the 5% range, similarly to the error in the
over which the power-law scaling is calculated is changed to rotational diffusivities, with the error bars being smaller than
nL3 = 130 to 250, then the scalings approach the values for the symbols in Figure 7.

rigid rods wherev ~ —1.91 for the slender-body dimer model

andv ~ —1.35 for the three-bead trimer model. The power- 4- Discussion

law fit over these concentrations improves to a valu&bbf In comparing the simulation results of the semirigid to the
about 0.97 for the slender-body dimer model and 0.96 for the rigid polymers, two main features are apparent. First, a delay
three-bead dimer model. in the onset of the semidilute regime is observed for the more

The percentage error in the diffusivities calculated from the flexible rods. Second, these semirigid rods produce the same
simulation results was largest at the lowest concentrations, wherepower-law scaling for the rotational diffusivities as their
there were fewer rods over which to average. However, the error corresponding rigid-rod models at sufficiently high concentra-
never exceeded 5% of the mean value for any of the diffusivity tions. The origin of these two main features of the dynamics
values calculated. The error bars in Figures 5 and 6 are smallerare discussed within the context of existing theories and recent
than the symbols. simulation results.

3.3. Translational Diffusivities at High Concentrations. The theories of Doi and Edwartipredict the onset of
The average diffusivities of the center of mass for the rods semidilute behavior in systems of rigid rods at lower concer&rs—v
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Figure 8. Ratio of the Persistence lengthB) (for the slender-body
dimer and three-bead trimer models over the total rod lengtkaiK

= 10. The semirigid rods straighten on average as the concentration

increases.

tions than observed in experimeAis® The semidilute concen-
tration regime is generally defined as the concentration at whic

rod rotations become sufficiently hindered to cause a marked

decrease in the rotational diffusiviti€sKeep and Pecofargue
that flexibility in polymers requires more blocking points (and
so more rods) before the rods become cagmtt enter the
semidilute regime. The end of a flexible rod is less hindered
than a rigid rod, and therefore rotates more quickly, even thoug
the trailing portion may still be trapped. The theory of Keep
and Pecorastates that below a critical concentration, the rods

may be considered rigid when calculating the rotational dynam-
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CHnL’=30
OO’ =50
Ay =70
VoL’ =110
*% nL’ = 150

10

P} 3 53 &3

0.01

T
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Figure 9. Rotational diffusivity as a function of the stiffness parameter
K and concentration for simulations using the slender-body dimer

model.

the values 0Dgr/Dg, do not change significantly with different

h values ofK, or for the rigid models. As the concentration

increases, the rigid models and models with high bending
stiffness have much lower rotational diffusivity values than the
models withK = 10. The rotational diffusivity values for the
three-bead trimer model produce a result which is qualitatively
similar to that of Figure 9.

h The second major observation of the dynamics of rod

suspensions is the similarity in the power-law scaling between
the rigid and semirigid rod models. The rotational diffusivities
seen in Figure 6 show that as the concentration increases up to

g ,
ics. Once the system exceeds this critical concentration, effectsN" = 250, the power-law scalings @r/Dr, approach the

caused by the flexibility of the rod are seen, including a delay
in the onset of the semidilute concentration regime. The critical
concentration is given By

5 (418, [(4182 (768 P\
0= (157 * [l15) (2 ]

whereP is the persistence length, is the total length of the

rod, and OL3).; is the concentration at which flexibility effects

must be considered for polymer rod systems.
The persistence length is defined®by

(22)

BV 0= exp[-s/P] (23)
wheres s the distance along the contour length of the rod. For
the simulations performed here of semirigid rods made up of
two rigid segments, the value sfs the distance along the length
of the rod segments between the centers=(l). In these
simulations the rods have a length ¢f(R = 2I). According to

the prediction of Keep and Pecdtéhis critical concentration

is where the rotational dynamics of the semirigid rods will
diverge from the dynamics of rigid rods. Equation 22 predicts
the critical concentration quite well for the simulations of
semirigid rods withK = 10. Using the calculation from eq 22
along with the persistence lengths for the models at infinite
dilution seen in Figure 8 produces a critical concentration of
(NL3)qrit &~ 40. Figure 6 shows the rotational diffusivities for
the rigid-rod models in comparison to the semirigid rod models.
The rotational diffusivities for concentrations less thdi =

30 are equivalent, within the error of the simulations. For
concentrations greater thah® = 40, the rotational diffusivities
for the models withK = 10 are higher than those of the rigid
rods. This change in the dynamics from rigid to semirigid can
be seen in a plot of the diffusivity values as a function of the
stiffness parametef used in the simulations. Figure 9 shows
that for the slender-body dimer model at low concentrations,

values for rigid rods. This would seem to indicate that the
semirigid rods behave as fully rigid rods at sufficiently high
concentrations. To study the onset of rigid-rod like behavior as
a function of concentration, the persistence length of the rods
was calculated from the simulation data as a function of
concentration. The rigidity of the rod is related to the ratio of
the persistence length to the length of the rdelL]. A
completely straight rod will have a ratio &L = . Figure 8
shows the persistence length ratios of the semirigid rods with
K =10 as calculated in eq 23. The persistence length ratios for
these semirigid rods vary betweBA = 3.9, corresponding to
an average angle between the rods of about 39 degrees from a
straight conformation, an@/L = 10.7, corresponding to an angle
of about 24, over the range of concentrations studied. A value
of P/IL = 10 (average angle of about 2%rom rigid), is
considered to be very stiff.Figure 8 also shows that the
persistence length increases with increasing concentration. This
increase demonstrates that the rods spend more time in a straight,
or rigid conformation as the concentration increases. Once the
configuration of the rods becomes straight enough due to caging,
the rotational diffusivity begins to decrease with nearly the same
power-law scaling as the corresponding rigid model. The power-
law scaling for the rotational diffusivities of the semirigid
slender-body dimer model witk = 10 at concentrations higher
thannL® = 110 is almost identical to the power-law scaling of
the rigid-slender body model at concentrations greater mhan
= 70. The same is true for the power-law scaling of the
semirigid three-bead trimer model in comparison to the rigid
three-bead trumbell model over the same concentration regime.
The power-law scaling values are different for each hydro-
dynamic model, as expected from recent simulation wWork.
Theories for the scaling of the rotational diffusivities of rod
systems in solution have existed in the scientific literature for
many years, with the earliest theories based on systems of rigid
rods with high aspect ratids* The power-law scaling oD/
Dg, ~ (nL3)~? predicted by the theories and simulations of %CBV
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Figure 10. Rotational diffusivities of the slender-body dimer with
= 10 in comparison to simulations of a rigid-dumbbelnd the
rotational diffusivities measured by Mori etlin systems of PBLG.

and Edwards have been reported to be incorrect based on
simulation result$:* Disagreements concerning the observed
power-law scaling have been shown to originate with the choice
of hydrodynamic model used within the simulatidn3he
power-law scaling predicted by Doi and Edwaris however,
observed in many experimers.

As a note about the scalings, the use of a power-law scaling
to characterize the rotational dynamics of polymer rod systems

at high concentrations has not been rigorously justitiedn
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5. Conclusions

Simulations of models incorporating a small degree of
flexibility can provide a simple, yet valuable insight into the
dynamics of rod suspensions. The degree of flexibility and the
type of hydrodynamic model chosen have a dual effect on the
rotational diffusivities of rod systems. The flexibility of the rods
becomes important above a critical concentration, where it
causes a delay in the onset of the semidilute concentration
regime. The degree of flexibility does not however change the
value ofv in the power-law scaling dDr/Dg, ~ (nL3)* at high
concentrations for that specific hydrodynamic model. Instead
the flexibility simply increases the concentration at which the
scaling is observed. The choice of hydrodynamic model used
to represent the rods in the simulations has a significant impact
on the value of in the power-law scaling at high concentrations.

Different micromechanical models have been shown to be
able to reproduce experimental results. The rods simulated here
are not completely realistic in comparison to actual experimental
polymer rods since the important effect of multibody hydro-
dynamic interactions have not been taken into account. The
hydrodynamic interactions will alter the short-time dynamics
of the rods and, consequently, the long-time diffusivities. The
simulation results can be used as a tool to obtain qualitative
comparisons to experimental systems and also as a reference
to compare to simulations in which multibody hydrodynamic
interactions are included.

fact, the agreement between the simulation data and the power- Acknowledgment. This research project was supported by

law fits is not particularly convincing; relatively few points are
used to calculate the exponenmt and the correlation is not
particularly good. However, in keeping with the literature on
the subject of rotational diffusivity of polymer rods, a power-
law fit of the simulation data is used to provide a convenient
way of collapsing all of the data for the rotational diffusivities
in the semidilute concentration regime into a single number,
which can be then readily compared to existing theories.
The rotational diffusivities for the slender-body dimer rods
with K = 10 are shown in Figure 10 in comparison to the
experimental findings of Mori et dP as well as simulations of
rigid-dumbbells by Cobb and ButlérSome researchers have
claimed that ther = —1 scaling measured in the experiments
of Mori et al'® over this intermediate concentration regime show
that the rigid-dumbbell model should be used in simulations of

polymer rods because it reproduces the experimental results

well.56 The results in Figure 10 show that simulations of
semirigid slender-body dimers will also reproduce the rotational
diffusivity results of Mort? over this range of concentrations.
Consequently, the degree of flexibility and hydrodynamic model

cannot be uniquely determined on the sole basis of a compariso 14)
between the measured and calculated rotational diffusivities for

this intermediate range of concentrations. By comparing with

experiments at higher concentrations, distinguishing between

the two effects of flexibility and hydrodynamic model should
be possible.

Flexibility also noticeably impacts the center of mass diffusion
of the semirigid rods. Doi and Edwardpredict that the
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