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ABSTRACT: No theoretical predictions exist for the concentration dependence of long-time self-diffusion
coefficients of rod-shaped Brownian particles with a finite aspect ratio. The reason for this is that the
relevant Smoluchowski equation is extremely complicated and cannot be solved explicitly, even on the
two-particle level. We present an alternative approach where the Smoluchowski equation is solved in
approximation by a variational method. The variational principle is applied to calculate the dependence
of the long-time translational self-diffusion coefficient of spherocylinders with hard-core interaction to
leading order in concentration, with the neglect of hydrodynamic interactions, up to aspect ratios of 30.
The first order in concentration coefficient a is found to depend on the aspect ratio p as o = 2 +

Wls(p — 1) + Yss(p — 1)2

1. Introduction

There is a large body of literature dedicated to the
prediction of the concentration dependence of transport
coefficients of spherical Brownian particles to leading
order in concentration, which is a field that was initiated
and explored in detail by Batchelor?® (for an overview of
relevant literature, see the books of Russel? and Dhont®).
As yet there are no analogous theoretical results for
rigid rod-shaped Brownian particles. Existing theories
on long-time diffusion of rod-like particles are based on
assumptions which only apply to rods with an extremely
large aspect ratio.#~° For rod- shaped particles of aspect
ratios of less than, e.g., 50, no theoretical developments
as for spherical colloids have been reported.

Theoretical results for the concentration dependence
of long-time self-diffusion coefficients for rods with a
finite aspect ratio do not exist because the Smolu-
chowski equation one should solve is extremely compli-
cated. In the present paper, we present a variational
approach to long-time self-diffusion which is applied to
translational diffusion of rigid rodlike particles with
aspect ratios up to 30, to leading order in concentration.
We consider spherocylindrical rods with a hard-core
interaction.

The leading order concentration dependence of the
long-time self-diffusion coefficient D'S is described by
the coefficient a in its Taylor expansion with respect to
the concentration,

D.=D[1 - ag + O(¢?)] (1)

where ¢ = vpp is the volume fraction of rods (with v,
being the volume of a single rod and p = N/V being the
number density of rods) and D is the translational
diffusion coefficient at infinite dilution. The coefficient
o is of course a function of the aspect ratio L/D, where
L is the length (including the two hemispherical caps)
and D the thickness of the rods.
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For spherical particles, for which L/D = 1, the first
order in concentration coefficient a is known to be equal
to a = 2 when hydrodynamic interactions (HI) are
neglected, and o = 2.10 when HI are included. The effect
of HI on the translational long-time self-diffusion coef-
ficient is thus not so important, and beyond experimen-
tal accuracy. For long rodlike particles the effect of HI
on the translational diffusion coefficient is probably even
less important than for spheres, since the average
distance between the segments of two distinct rods is
large. Furthermore, the precise form of hydrodynamic
interaction tensors for rods is unknown. We shall
therefore neglect HI in the present paper, although the
variational principle does straightforwardly allow the
inclusion of HI.

Long-time self-diffusion coefficients can be calculated
as follows.! Consider the Langevin equation for a single
Brownian particle, interacting both with solvent mol-
ecules and other Brownian particles, where the random
force now includes the interaction with the remaining
Brownian particles. This random force is only J-cor-
related on the so-called interaction time scale t;, which
time is large compared to relaxation times of the
microstructure of Brownian particles. On this time scale
the self-diffusion coefficient, which is by definition the
long-time self-diffusion coefficient, can be obtained from
the Langevin equation as D's = kgT/y, where kg is
Boltzmann’s constant and T is the temperature. The
friction coefficient y is the proportionality constant
between a weak external force F®, acting only on a
single rod (the tracer particle), and its resulting ther-
mally averaged translational velocity W[J The friction
coefficient y now includes friction with the solvent and
resistence due to interaction with the remaining Brown-
ian particles (the host particles). Hence

D. = kgTly, with F*'=ym0 2)

The long-time self-diffusion coefficient for translational
motion is thus obtained by evaluation of the thermally
averaged translational velocity of the tracer rod. In
order to evaluate that average velocity, one needs the
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solution of the Smoluchowski equation in the presence
of a force acting on the tracer rod. The approach here is
to obtain an approximate solution from a variational
principle.

2. The Variational Principle

The relevant Smoluchowki equation for the calcula-
tion of the coefficient a in eq 1 is the stationary two-
particle equation where an external force F®%€; acts on
the tracer rod (where é; = (0, 0, 1) is the unit vector
along the z-axis). We shall take rod number 1 to be the
tracer rod.

The Smoluchowski equation for the probability den-
sity function P(R1 — Ry, O3, G) of the center-of-mass
position R;j = rj/D in units of the thickness D of the rods
and the orientations 0; of the two rods reads

0={L @+BDF™L B} PR, — R, 0, 0,), (3)
where the operator L © is the two-particle Smolu-
chowski operator without the external force

2

L Ov= Z {Vj-[Vjv + BV[VV]] +
£

V| 0;0; — - [V + Bv[VV]] +

e Ry [Ryv + ﬂv[r?jV]]} (4)

with v being an arbitrary phase function; V; is the
gradient operator with respect to the position coordinate
Rj, I is the identity, V = V(R1 — Rz, 1, () is the pair-
interaction potential, and R; = 0; x Vg;, is the rotation
operator. Furthermore

= ADID, ¢ = =DD /D (5)
where AD is the difference between the diffusion coef-
ficients D, and Dp for Brownian motion parallel and
perpendicular to the rods long axis, respectively, while
D is the average translational diffusion coefficient
1/3[Dy + 2Dg] and D; is the rotational diffusion co-
efficient. These coefficients relate to Brownian motion
of a single rod, not interacting with other rods. The
dimensionless quantities ¢; and ¢, depend on the aspect
ratio p = L/D as?®

_ 3 In{p} — 1.253 + 1.775/p — 0.552/p
4 In{p} + 0.316 + 0.582/p + 0.102/p?

(6)

t

9 In{p} — 0.662 + 0.917/p + 0.078/p” @)
€& ==
" p?In{p} + 0.316 + 0.582/p + 0.102/p?

The operator L @ is the part of the Smoluchowski
operator that accounts for the external force on the
tracer rod 1

[ @y = —{Vl-[ésv] + etvl-[alal - %i]-[é3v]}. ®)

where the external force F&<t = Fe<te; (with &3 = (0, O,
1)) is taken along the z-direction.

For our purpose, without loss of generality, the
following linear form for the solution of the Smolu-
chowski equation (eq 3) can be used
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P(R; = R, Gy, Gy) = Peq(Rl — Ry, Uy, Gy)[1 +
ﬂDFEXtW(Rl - Rz’ 011 l]2)] (9)

where the factor D is used to render the solution W
dimensionless, and P& ~ exp{—/AV} is the equilibrium
solution of the Smoluchowski equation without the
external force. Substitution of this form into the Smolu-
chowski equation (eq 3) and linearization with respect
to SDF®*t leads to

L Opeag]=—[ @ pe (10)
where the position and orientation dependences are not
denoted for brevity.

The aim is now to find a functional of which the
Euler—Lagrange equation is precisely the Smoluchows-
ki equation (eq 10). The following theorem can be used
to achieve this.!! Consider the operator equation AW
= f, with A: F — F a linear operator defined on a
vector space F of real-valued functions, with inner
product [3-|---[] and with f € F a known function.
Suppose that A is Hermitian and negative definite,
that is, ti|A vO= [A u|vdfor all u, v € F, and V| A vl<
0 for all v e F, v = 0. Define the functional

F[v] = IA vO-2 I[f0 (11)

This functional has the following properties: (i) W is a
stationary element of F <& AW = f; (ii) every station-
ary element maximizes F; (iii) there is at most one,
unique stationary element. Hence, when F has a sta-
tionary element, this element is a unique maxixum of
F and this element W is the solution of A W = f. The
elementary proof of this theorem is given in Appendix
A.

The Smoluchowski equation (eq 10) must be refor-
mulated in order to apply the above theorem. To this
end the backward Smoluchowski operator L @ is in-
troduced as the Hermitian conjugate operator of [ ©
with respect to the unweighted innerproduct, that is,
(L OvO= mIL Pul) where the unweighted inner-
product is defined as, [||v(= fdR; fdR> $di, $da, uv,
with u and v real-valued phase functions of R3, Rz, O3,
and 0, and where the integrals ¢ range over the unit
spherical surface, that is, over all directions of the
corresponding unit vectors G;. Partial integration leads
to (see Appendix B for mathematical details)

2

L Ov= Z{ [V, — BIVVII-V + €[V, —
£

BIViVII-

1. R R R
0;0; — 5' Vv + €[R; - ﬂ[Rj\/]]-ij} (12)

By substitution it is easily verified that L @[Peay] =
Peal Ov, so that eq 10 can be rewritten as

L Qw=—[p'L Opeq (13)

The reason for writing the Smoluchowski equation in
this form is that the backward Smoluchowski operator
L @ is Hermitian with respect to the innerproduct
Welghted by Ped, that is, @il Qvo= i Qujvi) with
Wvl= fdR; fdR; ¢day }‘duz Pequv Furthermore, as is
shown in Appendix C, L (0) is negative definite with
respect to the same Weighted innerproduct. Applying
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the above theorem to the Smoluchowski equation in the
form of eq 13 leads to the functional

Fivl= )L Ovii 2v[Pe9 1l @OP*0 (14)

Its unique maximum element solves the Smoluchowski
equation.

Substitution of the explicit forms of the operators
yields the following form for the functional for identical
rods, apart from a factor involving the volume V of the
system (see Appendix D for mathematical details)

2 1
F[v] = _,Zl JdR fda, fdﬂzx{ (1 - get)

} +2 [ pdR #d0, fda,

24

Vv

{(1 - —et)(e3 V,v) + etﬂz(ﬂl-vlv)} —

2(L)2de fda, fduz{( Eet)i +
D 3 /R

€0, (0y° ﬁ)} Vir=up- (15)

where R = R; — R,, R = R/R is the unit vector along
the center-to-center line, and z and (,, are the z-
components of R and 0, respectively. Furthermore, x
= exp{ —fV} = VP®. In case of hard-core interaction this
is the characteristic function for the excluded volume,
that is, ¥ = 0 in case the hard cores of the two rods
overlap and y = 1 in case there is no overlap.

The first integral in eq 15 corresponds to the first
term in the formal expression (eq 14) for the functional,
while the last two integrals stem from the second term
in eq 14. The last two integrals are responsible for a
finite drift velocity in the z-direction. Without those

terms, maximization of the functional leads to L ©v =
0, which is the unperturbed stationary Smoluchowski
equation, of which the solution on the two-particle level
is simply given by v = P®d, Note, however, that the first
integral in eq 15 does contribute to the drift velocity
once the stationary solution v of the full, perturbed
Smoluchowski equation exhibits a preferred z-depen-
dence. We were not able to assign a clear physical
meaning to each of the terms in eq 15 or to the entire
functional.

Proper normalization of the pdf in eq 9 requires that
the trial function v for W satisfies the normalization
condition

JdR ¢da, $da, yv(R, 0y, G,) =0 (16)

This is a constraint on maximizing the functional (eq
15). Notice that this constraint excludes all functions v
which are identically equal to some constant. Constants
(except for the trivial zero element v = 0) are therefore
not in the function space of admissible solutions of the
Smoluchowski equation.

3. Trial Functions

Let us now consider the form of appropriate trial
functions. For spherical Brownian particles the exact
solution of the Smoluchowski equation pertaining to
long-time translational diffusion is given by W = (9/0z)¢
where “the potential” is equal to, ¢ = 1/R, and where
the direction of the external force on the tracer sphere
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is chosen in the positive z-direction. For spherical
particles the equipotential surfaces, where ¢ is a con-
stant, are spherical. For elongated Brownian particles
the equipotential surfaces will have an ellipsoidal-like
geometry with an orientation that is approximately that
of the tracer rod. With increasing distance between the
tracer and host rod, the trial function must tend to the
solution for spheres. Now think of the two rods as being
a rigid string of spherical subunits, “the beads” of the
rods. The simplest trial function for the potential that
satisfies the above basic features is a superposition of
solutions for spheres over all beads of the two rods.
Replacing the summations over beads by integrals,
which is allowed for long and thin rods, leads to the
following trial function as a linear combination of the
solution for a sphere and the superposition over beads:

af_ 1
V= &{ alﬁ +
(1/2)((L/D) — 1) (1/2)(L/D — 1) 1
-2 ((L/D)—l) ~(1/2)(LD ~ dl, IR — 1,0, +1 u2|}
17)

The parameters a; and a, are the variational param-
eters.

The second integral in the trial function (eq 17) is
probably a good approximation for the solution of the
Smoluchowski equation for very long and thin rods.
Inserting this form into the Smoluchowski equation (eq
3) reveals that it is not an exact solution. Note that for
large distances both terms within the curly brackets
vary like ~1/R, but clearly their behaviour at shorter
distances is completely different. The parameters a; and
a, interpolate between the exact solution for spheres
and the probably good approximation for very long rods.

To take the connectedness of the beads on the two
rods into account, the constant a, can be made a
function of the bead indices I, and I, that is, the
“charge” a, on the center lines of the rods is now
variable. This will be done to first order in a formal
Taylor expansion of the line charges with respect to I;.
The leading term varies as ~(I12 + 1,2). Furthermore,
the connectedness can be taken into account by Taylor
expansion of a, with respect to angular coordinates. The
leading order terms are; ~((1-02)?, (01 R)2 + (02°R)?,
(01+83)2 + (02-83)2, and (R+é3)2. We thus arrive at a trial
function which is a linear combination of 6 functions.
The trial function in eq 17, which is a linear combination
of just two functions, will here after be referred to as
“the simple trial function”, while the trial function
consisting of a linear combination of the 6 functions
mentioned above will be referred to as “the advanced
trialfunction”. The difference between the variational
results using these two trial functions can be considered
an estimate for their accuracy. The trial functions are
anti-symmetric on reflection in the xy-plane, so that
proper normalization (see eq 16) is assured.

Another way to proceed would be to expand W in a
triple spherical-harmonics series and to use the expan-
sion parameters as variational parameters or to opti-
mize the functional on a grid with the grid-values of the
trial function as variational parameters. These would
both lead to exact solutions (to within numerical ac-
curacy). The effort to implement such optimizations is
much more involved than using trial functions of the
form in eq 17.

Our trial functions v = Y a.yn, are linear combi-
nations of M = 2 or M = 6 functions. Substitution
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into eq 14 replaces the functional F[v] by a function
F(a) of the vector a = (ay, ..., am)

M M
F@= ) Mymaan+2 ) af, (18)

n,m=1 n=

where the matrix elements M, are equal to
Mom = @l 50 (19)
and the vector elements f, are equal to
f, = pI[P*7'L PO (20)

The coefficients a,, which maximize the function in eq
18, are given by

an =~ z Mnm_l fm (21)

where My ! are the matrix elements of the inverse of
the matrix Mpm.

Substitution of the explicit form (eq 12) of the
backward Smoluchowski operator leads to the following
explicit expression for the matrix elements:

2
Mom = — Z JdR ¢da, fda,
=
1
X{ (1 - Eet)[vj”’"]'[vi‘/’m] + 00 [VillViyml +
er[ﬁjwnl-[ﬁjwml} (22)
Substitution of the form in eq 8 for L @ gives
. | 1 \oy
fn = IR<L/D dR fdul ﬁduz X{ (1 — §6t)a_zn +
1 )z

6tl’:lz(l’:ll'vwn)} - (%)2 ?{dé fdal fd':lz { (1 - §€t ﬁ +

Gtﬂz(ﬂl'f%)}wn|R_L,D (23)

The numerical scheme is thus to calculate the matrix
elements M, and the vector elements f,,, to invert the
matrix Mpm, and to obtain the optimal values for the
coefficients a, from eq 21. The variational solution v =
Z,"Ll anyn can then be used to calculate the first order
in volume fraction coefficient for the long-time trans-
lational self-diffusion coefficient.

4. Expression for the Linear Concentration
Coefficient

There are four forces on rod 1 to be considered: the
external force Fe<t, the interaction force F' = —V,;®, with
@ the total potential energy of an assembly of N rods,
the Brownian force FB" = —kgT V1In{P}, with P the
N-particle probability density function for the positions
and orientations, and the hydrodynamic force F" which
results from friction with the solvent. Without hydro-
dynamic interactions, the hydrodynamic force is equal
to

F"= —(0.0; + Vu[i = 0,04])v (24)
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where y; and yg are the friction coefficients for motion
parallel and perpendicular to the rods long axis, respec-
tively. On the Brownian time scale these four forces
balance, that is, the inertial force is very small in
comparison to each of the other forces. Thus

F*“+F +F"+F"=0 (25)

Using the above expressions for the forces yields the
thermally averaged velocity of rod 1

W= D(0,)[BF™* — v, ® — V, In{P}]0 (26)

where

D(Q,) = D,0,0, + D{i — 0,0,] = Di + AD[CIlOl -

with Dy g = kgT/y;0, while D and AD are defined just
below eq 5. For a pairwise additive potential ® and
identical rods we have (remember that R = R; — Rz is
the center-to center distance in units of the thickness
D of the rods)

(1) V,@ = N D(0)- V(R G, 0,)0 (28)

The N-particle probability density function P, on the
pair level, is equal to

o 1 1 N
=—0Ov=
i WNij=1

i1<j

IR — R;, G, &y (29)

where gy is the N-particle correlation function, and g
is the pair-correlation function. Hence, for identical rods

N-1

D(0,)-V, In{P} 0= ~5

D(0,)-V I{P(R, 0, 0,)} 0
(30)

where P is related to the function W in eq 9 for which
we constructed a variational solution in the previous
section. On the two-particle level the thermally aver-
aged translational velocity of the tracer rod thus follows
from substitution of egs 28, 30 into eq 26 as

vi= [bay){pF - N5 HBWR 0, 0) +

VIn{P(R, 0, 02)}])D
= DAF®" — (N — 1)AF™'D(0,)-V¥(R, 0, 02)%31)

where in the second equation, eq 9 has been inserted,
and where [3-+[d is the average with respect to P®4. From
eq 2 that relates W[to D'S the following expression for
the first order in concentration coefficient o (see eq 1)
is found
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-1 o fdo. 2%
e GG ERE
D 3L
L1*5aR fda, fda, 2w, +
(6) Uy uzﬁ IR=LiD

£2 [n-LotR fda, fda, Xé-[alal - %l]-w -

2 A A1 -~
%D(%) $dR fda, fda, es-[ulul - %I]-R%R:L/D] (32)
For mathematical details see Appendix E. We used here
that the volume vj of a single sphero-cylindrical rod is
equal to (n/4)D2L[1 — (1/3)(D/L)], in order to express the
volume fraction ¢ = vyN/V in terms of L and D. The
first two integrals between the square brackets in eq
32 correspond to the term ~D in eq 27, while the last
two integrals correspond to the term ~AD. The last two
terms in eq 32 thus account for coupling between
translational and rotational motion on the one-particle
level; that is, they account for the orientation depen-
dence of the translational friction coefficient of a single
rod.

5. Results and Discussion

Integrals are evaluated using Gaussian integration
quadratures. For the trial functions that we used, we
found that the two last integrals within the square
brackets in eq 32 for o are negligibly small. After
integration with respect to U, and R or R, respectively,
the result was found to be virtually independent of Q;.
The integration with respect to G then yields a zero
result, since $da; [0101 — Y31] = 0. Physically this
means that the orientation dependence of the transla-
tional friction coefficient of a single rod hardly affects
the long-time translational friction coefficient. This is
probably due to the fact that for long times the rods
probed many independent orientations, so that on
average the orientation dependence of the friction
coefficient does not come into play. Results for the first
order in concentration coefficient a as a function of the
aspect ratio L/D are presented in parts a and b of Figure
1. The dashed curves are the results obtained with the
simple trial function, the solid lines with the advanced
trial function. The difference between these two curves
is an indication for the accuracy of the trial functions.
Up to L/D = 10 the accuracy is thus estimated to be
about 4%, for 10 < L/D < 20 about 8% and for 20 < L/D
< 30 about 12%. The filled circles in Figure la are
computer simulation results? of which the accuracy is
about 5%, as indicated by the error bars (computer
simulations do not go further than L/D = 6 because of
increasing computation times). The errors in the com-
puter simulation results are rather large because these
are obtained by an exponential fit of the tail of a
correlation function. It may seem that the variational
results are less accurate for intermediate aspect ratios.
However, the uncertainty in the computer simulation
results, which is only estimated to be 5%, could very well
be larger for the given result at the intermediate aspect
ratio. We feel that the apparent mismatch at the
intermediate aspect ratio is statistically not significant.
The open circle is an experimental result for colloidal
silica rods.’® The experimental results and computer
simulation data are in good agreement with the results
obtained from the variational principle.

A simple formula that fits the result for the advanced
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Figure 1. First order in concentration coefficient o as a
function of the aspect ratio L/D: (a) for L/D < 8 and (b) for
L/D < 30. The dashed line is obtained from the simple trial
function; the solid line is obtained from the advanced trial
function. Filled circles in part a are computer simulation
results,*? and the open circle is an experimental result.'?

trial function to within a few percent reads (with p =
L/D)

_ 10, 1, L
a—2+32(p 1)+53(p 1) (33)

Note that the result a = 2 for spheres is an exact
result, but for larger aspect ratios the results for the
two trial functions differ, due to the fact that the second
term between the curly brackets in eq 17 for our trial
function is not an exact solution for very long and thin
rods.

In obtaining the above results, we have neglected
hydrodynamic interactions between the rods. The valid-
ity of the arguments as given in the introduction that
these interactions are not so important for the numer-
ical value of the long-time self-diffusion coefficient could
be assessed by extending the variational principle to
include these interactions. This is straightforward due
to the symmetry of the hydrodynamic interaction func-
tions. The difficulty here will be not only that integrands
become more involved but also that proper approxima-
tions for these hydrodynamic interaction functions, for
which so far no exact results are known as for spherical
particles, are difficult to find.
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The variational technique can be used to calculate
long-time rotational diffusion coefficients as well, where
the problem will be to find appropriate trial functions.
The variational approach presented here also applies
to more concentrated systems, where the additional
problem is to find an appropriate closure for the three-
particle probability density function. In addition it can
be applied to diffusion in restricted geometries as far
as the geometrical hindrance of the confining geometry
is concerned.

Appendix A. Proof of the Variational Principle

In this appendix the variational theorem mentioned
in the main text (see eq 11) is proven.

Let us write v=W + en, with W a stationary element
of the functional, € a real number, and » an arbitrary
function (in F). Substitution of this form for v into the
functional (eq 11) gives

F [W+en] — F [W] =2eq|A W — f+ 0| A 50

For W to be a stationary element of the functional, the
leading order term in € must vanish, that is, @|A ¥ —
fl0= 0. Since 7 is an arbitrary function, it follows that
AW —-f=0.

That all stationary elements W actually maximizes
the functional (eq 11) follows from the fact that the last
term in the above equation ~¢? is negative, since A is
negative definite. Notice that the above expression is
exact and not the result of a truncated series expansion
with respect to e.

Now suppose that both W; and W, are solutions of
the Smoluchowski equation, and let = W1 — W,. From
the above equation, with ¢ = 1, we find that

F[W]-F [W,]=GAn0<0

provided that W, = Wy; that is, 7 = 0. On the other hand,
interchanging W; and W,, we find that

F [¥,]-F [¥,]=GIAn0<0

These two results are in contradiction, from which it
follows that » = 0, so that the solution of the Smolu-
chowski equation is unique, within the space F of
admissible functions.

Appendix B. The Backward Smoluchowski
Operator

Consider the last term in the Smoluchowski operator
(eq 4)

Lv =Ry [Ryv + pv[RV]]
From Stokes’s integral theorem we have
$d0; Ryv =0

since the rim of the closed unit spherical surface is
empty. Hence

W|RvO= —Ryul|vO (34)
and
W)|R;RyvE= RyRul|vD (35)

It follows immediately from the two above identities that
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the Hemitian conjugate [ ' of [ with respect to the
unweighted innerproduct is equal to

A A A A

This corresponds to the last term in eq 12 for the
backward Smoluchowski operator. The remaining terms
follow similarly from the spatial analogues of eqs 34 and
35

(|| Vvi= —uljvO (36)
W]V vvi= ;- Viul v (37)

which identities are a consequence of Gauss's integral
theorem. This concludes the derivation of the expression
(eq 12) for the backward Smoluchowski operator.

Appendix C. Proof of Negative Definiteness of
Lo

Consider the last term in eq 12, corresponding to the
operator

Lv=[R; - BIRVII-Rv
Since P& ~ exp{—pAV} we have
PR, — BIRVII'Rv = Ry [P¥Rv] (38)

From the definitions of the weighted and unweighted
innerproducts it thus follows that

W|L vO= m||Ry [PURv]0
= —[dR, [dR, #d, fda, PYRv/?

In the second equation we used eq 34. Since P® is
positive, it follows that L is negative definite with
respect to the weighted innerproduct. The remaining
terms in the expression 4 for the Smoluchowski operator
are shown to be negative definite in a similar way, using
the spatial analoque of eq 38

PV, — BIV,VII-Vyv = V- [P¥V,V] (39)

together with eq 36. This concludes the proof of negative

definiteness of [ g)) with respect to the weighted inner
product.

Appendix D. The Explicit Form of the
Functional

The first integral in eq 15 is already found in
Appendix C in connection with positive definiteness of
the backward Smoluchowski operator.

Consider now the evaluation of the second term
v|[Ped] 1L WPedin eq 14. By definition we have

WP L BPHN= - [dR, [dR, fda, fda,
v{ v, [6,P% + etvl-[olol = %i]-[éep"“‘]}

Now note that on the pair-level, P® is a constant
whenever R = |R; — Ry| > L/D, so that the above
integral extends only over center-to-center distances R
< L/D (remember that R is the center-to-center distance
of two rods in units of their thickness D).
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Hence,

([P L OPHNC= ~VD® [ pdR #da, fda,
v{ v,-[6,P*] + etvl-[alal - %i]-[é3Peq]}

An application of Gauss'’s integral theorem gives

[ euodR fda, fda, v{ v, [6,P%] + etvl-[alal -
1]
§|]-[e3F>‘*q]} =

eV, [0,0, — 5] &1} + Freipds-fa, faa,

— [-uodR fda, fda, Peq{vl-[é3v] +

Peqv{ &, + et[olal - %i]-é3}

where dS points away from the origin. Using P®d =
1/(47V)? for R = L/D, the surface integral in the above
result can be rewritten as

fo L pdS-fda, fda, Peqv{é3 + et[fj a, — %I] 8 }
[5) vy R #0001 3¢l
(47V)

Etaz(ﬂl'ﬁ)}

+

OJ
:UIN

Vi
R=L/D

where the latter integral ranges over the unit spherical
surface. This immediately leads to the last two integrals
in eq 15.

Appendix E. Mathematical Details for the
Derivation of Eq 32

Since only the z-component of Wis of importance,
the following two terms in the average in eq 31 must
be considered

A, = B, VW] = a%qﬂ (40)
and
A, = @3-[0101 = %i]-vtpﬂ (41)

Consider first the evaluation of A;. By definition we
have

P d
A, =D [dR fda, fda, P W

To avoid mathematical complications due to the jump
discontinuities of P® upon overlap of hard-cores, the
volume integral is split into two parts

M= Tev fR<L/DdR #da, fda, Xa A

o 3
D? [r-LpdR fd, fda, Peq5‘P

where we used P® = y/(47V)2. The last integral is
rewritten with the help of Gauss’s integral theorem as
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Jr-LpdR #d0, fda, P, VW = —
Jr-LpdR $d0, §d0, We, VP —
$rypdS#dQ, $da, e,P* W +

$readS-$d0, $da, 8,P W

with dS pointing away from the origin and 9V the

surface that bounds the volume V. The volume integral

on the right hand-side in the first line is zero, since P#d

= constant within the volume V for R > L/D. The last

surface integral in the second line is zero because P#d
= 0 on aV. We thus find that

1= fR<L/DdR fda, $da, Xa o S

167 [
N . Z

(5) fo L odR fda, $da, ﬁ‘IﬂR:UD]

where the surface integral now ranges over the unit

spherical surface. In this way the first two terms

between the square brackets in eq 32 are reproduced.
Consider now A,. By definition we have

A, =DV [dR fdq, fda, Peqé3-[0101 - %i]-vqf
Again we split the volume integral into two parts

16 1622V fR<L/DdR fda, fduzXes[ 10, —

§|]~v1p + DV [ 0dR fda, da, Peqé3~[0101 -
1A
3|] v

The second integral is rewritten, as before, with the help
of Gauss’s integral theorem as

IR>L/DdR fda, $da, Peqé3'[0101 - %i]'vql =
fR>L/DdR $da, fda, ‘Pés-[l]lﬂl - %i].vpeq —
$roipdS-#da, $da, [0101 B %i].éspeq‘l’ +

$reavdS-$#day $da, [0101 B %i].égpeqq’

For the same reasons as before, the volume integral and
the surface integral ranging over the boundary 9V of V
are zero. Hence

2= [fR<L/DdR fda, fda, xé,: [ 10, —

1677V
§|]-v1p ( ) $dR #da, #da, e3[ 0,0, —

These two terms correspond to the last two integrals in
eq 32 for the coefficient a.
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