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been suggested by Orwoll!! for the evaluation of the x
parameter of polymer—-solvent systems.

The polyisobutylene-benzene system may be a suitable
candidate for further investigation employing the present
experimental technique. The strong dependence of the
x parameter of this system on concentration and tem-
perature has accurately been formulated by previous ex-
periments.!5

Registry No. (Styrene)-(p-divinylbenzene) (copolymer),
9003-70-7; cyclohexane, 110-82-7; toluene, 108-88-3; methanol,
67-56-1.
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ABSTRACT: A new model is proposed to describe the dynamics of a solution of rigid-rodlike particles. A
new expression is obtained for the stress tensor of the solution. The kinetic equation for the problem is solved
by using the projection operator method. The loss and storage moduli, non-Newtonian viscosity, and normal

stresses are calculated.

1. Introduction

In recent years there has been an increased interest in
the study of dynamical and transport properties of non-
spherical molecules. In particular, molecules having cyl-
indrical symmetry have been studied extensively due to
their importance in the theories of liquid crystals and of
linear, rigid polymer particles. The rigid dumbbell and
rigid, multibead rod frequently are used as models for these
particles. In these models two or more spherical particles
or “beads” are spaced at equal intervals along a straight
line. The “free space” between the beads is assumed to
be penetrable by the molecules of the solvent in which the
rodlike particle is suspended. The diffusional (longitudinal
transverse) anisotropy of the rod is then a consequence of
hydrodynamic interactions among the beads. This “porous
rod” model is obviously both inadequate and oversimpli-
fied. The large rodlike particles (for example, long polymer
chains or cylindrical viruses, like tobacco mosaic virus)
more closely resemble continuous impenetrable bodies.
Even if some penetration of the “inside” of the polymer
particle by solvent is possible, it is unlikely that macro-
scopic hydrodynamics can be used to analyze the conse-
quences.

In the present paper a new model is proposed for the
particle—solvent interaction which we hope will provide a
more convenient and realistic tool for the study of rheo-
logical properties of such solutions. The mechanical model
which we advocate here is that of a continuous, thin fiber,
impenetrable to the solvent and characterized by a uniform
distribution of the mass along its length (slender body).
The spatial configuration of such a particle is described
by the location of its center of mass and by a vector di-
rected along the particle axis. The length of this vector
is proportional to the length of the particle. For a strictly
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rigid particle (which we shall consider in this paper) it is
only necessary to introduce a unit vector parallel to the
long axis of the molecule, since the particle has but five
degrees of freedom.

The anisotropic mobility of the particle can be taken into
account by assigning to it a cylindrically symmetric friction
tensor. The two friction coefficients associated with this
tensor can be identified with the familiar expressions of
slender-body hydrodynamics!

2
S =ml ) —3/2 + 2 (L.1)
and
47
£, =l (1.2)

In(L/a)-1/2+ In2

Here £, and £, are the friction coefficients for motions in
the longitudinal and transverse directions, 7, is the solvent
viscosity, L is the particle length, and a is the cylinder
radius. However, we think it is more reasonable to de-
termine the value of these coefficients from experimental
data such as, for example, the translatiorial and rotational
diffusion constants at infinite dilution. The reason for this
is that the macroscopic hydrodynamic theory from which
the formulas (1.1) and (1.2) are derived may not adequately
account for the drag on an individual molecule and even
if it did we do not know what type of boundary conditions
should be used. For example, for the tobacco mosaic virus
(TMV), which is a very good example of a rigid-rodlike
particle, the ratio « = £,/£, of the friction coefficients
calculated from the above expressions is about 0.7, while
the same ratio calculated from existing experimental data
(on translational and rotational diffusion) is about 0.3. The
same ratio has been computed by Kirkwood and Auer? for
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an infinitely long array of beads. They obtained a value
of 0.5, in agreement with the limiting value predicted by
the slender-body equations (1.1) and (1.2).

In the next section we discuss in detail the equations of
motion for the linear particle, taking into account the
presence of flow and the action of an external force. In
section 3 a new general expression for the stress tensor is
derived and in section 4 we derive the kinetic equation
appropriate to our model. Model rheological calculations
for a dilute solution are presented in section 5. Details
concerning the solution of the kinetic equation are rele-
gated to Appendices. In the last section a general dis-
cussion of results is given.

2. Equation of Motion

Let us consider the dynamics of a single rodlike particle
suspended in a continuous medium. We shall assume that
the gradients in the systems are small on the scale of the
particle length. The particle will be modeled as an element
of a straight line with mass distributed uniformly along
its length. By r; and r, we denote the locations of the
centers of mass of the parts gotten by cleaving the entire
particle into two at its center of mass

R=(r, +r,)/2 (.1)

We assume that the equations of motion for both “parts”
of the rod can be expressed in the form

mi; = K(,r;) + F(r;— 1) + &(r;))  (2.22)

mi‘2 = K(i'ZyrZ) - F(rl - rg) + @(rz) (22b)

K(t,r) is the friction force acting on the half of the rod
with its center of mass at r

K(#,r) = -§[F - w(r)] (2.3)
and the friction tensor £ is given by

E=tee+E,(I1-ee) (2.4)
where e is the unit vector directed along the axis

e=(r;—ry)/|r, -1y (2.5)

By F(r) we denote an effective binding force which is
responsible for keeping the two parts of the rod bound
together. Thus

F(r) = —eU’(r) (2.6)

where U(r) is the binding potential energy. &(r) is an
external force acting on the rod at the point r. Although
®(r) could include forces of interaction with other rods
present in the solution, it is assumed here that the solution
is sufficiently dilute that these particle interactions can
be neglected. We also shall assume that forces due to
sources located outside the system do not distinguish be-
tween the two parts of the particle. The case of a “dipolar”
particle, with one end positive and the other negative, is
treated in Appendix A.

By w{(r) in the expression (2.3) we denote the mean
velocity field of solvent calculated at the point r. It is now
more convenient to replace the vectors r; and r, by the
coordinates of the total center of mass R and the vector
r = r; - r, connecting the two “subcenters”. The equations
of motion for these coordinates are respectively

2mR(@) =
—2&[R ~ cosh (%r-Vg)w(R)] + 2 cosh (4,r-Vg)®(R)
2.7)
and
mi(t) = —£-[F ~ 2 sinh (Yr-Va)w(R)] + 2F(r) +
2 sinh (4r-Vp)®(R) (2.8)
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If the gradients are small on the scale of the particle length,
we can approximate (2.7) and (2.8) by

mR(t) = -¢[R - w(R)] + &(R) (2.9)
mi(t) = —&[k - r-Vgw(R)] + 2F(r) + r-Vg®(R) (2.10)
Except for the anisotropic friction tensor these equations
of motion are very similar to those for the simple dumbbell

model.
For a rigid rod we have an additional constraint

' r(¢) = [? (2.11)
from which it follows that
tr=0 (2.12)
and
for = —ik (2.13)

(The length of the rod is L = 2[.) These relations imply
that the tension force inside the rigid particle is given by
[F(r)| = U’(r) =

Yollg (e-Vp)e-w(R) + (e-Vgp)e-®(R) + mé-é} (2.14)
The equation of motion for the (unit) orientation vector
eis
mé, = -t [é, —eVrw, (R)] + (e:V5)®  (R) (2.15)
wherein é, and ¢, are the components of é and é per-

pendicular to the direction of e. In general we use the
symbol

a, = (I-ee)a
to denote the transverse component of a vector a.

3. Stress Tensor

The increase of stress due to a dilute suspension of
macromolecules can be represented as a sum of inde-
pendent contributions due to the separate rodlike particles.
In order to take account of the internal stress generated
inside a particle at the location of its total center of mass
R, we define the microscopic mass density of the rod by
p(Ro,t) = mis[Ry — r1(t)] + 8[Rg — ro(t)]} =

2m cosh [%r-Vg ]6[R, — R(£)] (3.1)
Here 2m is the total mass of the rod. The equation of

evolution for this mass density can be expressed in the
form

9.6 (Ro,t) = —VRO'f’(Ro,t) (3.2)

where p(R,,t) is the macroscopic momentum density of the
particle

B(Ro,t) = {R(t) - %i(t) tanh [%r(t)-Vg 1Ia(Ret)  (3.3)

The equation of motion for the momentum density is, in
turn, given by

0 (Rot) = -V RR() + Vit (£)E(E) -
RIR@E®) + #()R()] tanh [or(t)- Vg 1}1p(Ro,t) +
[R(t) - %#(t) tanh (r(t)-Vg)]15(Ro,t) (3.4)

By neglecting nonlinear terms in the gradients, this can
be reduced to the simpler form

8;p(Ro,t) + Vg W(Rp)W(R)p =
R(®)pRo,t) + Vg 3(Re,t) (3.5)

where the microscopic stress tensor contribution due to
the rod is
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#(Ro,t) = -[RER(t) - w(R)W(R,)]5(Ro,t) —
Y OE()pRo,t) = Yyx(H)E()p(Ro,t) (3.6)

Explicit expression for the accelerations R(t) and #(¢t) are
provided by eq 2.9 and 2.10.

The average stress due to the linear particle can be
obtained provided that the probability distributions of the
center-of-mass velocity R and the internal motion velocity
I are known. We also shall need appropriate distribution
functions for the relative and center-of-mass coordinates
r and R. Following a standard type of approach, we as-
sume that the velocity distribution of the “partial” centers
of mass located at r; and r, can be approximated at any
time by the product of two local Maxwellian distributions

(B=1/(RT)

feq(ly,kp) exp{—ﬂ%[rl -w(r))? - B%[fz - W(rz)lz}
(3.7

In terms of the total center-of-mass velocity and the rel-
ative velocity of the two subcenters, this distribution be-
comes

foqRE)

expi- Bm[R - w(R)]3 exr){—%nl[i' - r'VRW(R)]2} (3.8)

Calculations must be performed differently for elastic
and rigid rods since in the latter case there is an additional
constraint in the form of the factor é(¢-r) which must be
introduced into the distribution function (3.8).

For the elastic rod we obtain the formula

ael(RO’t) = <&(R0’t)> = _I(miﬁ)p(RO)t) - i(l‘-a(R)r-

o(R))o(Rot) ~ 5= (FF(E))p(Ro) — o (rr)-
Y(Ro)p(Rot) (3.9)

Here p(Ry,t), the mean local mass density of the rodlike
particle, is related to the particle number density c(Ry,t)
by the formula

p(Ry,t) = 2me(Ry,t) (3.10)

The quantity a(R) appearing in (3.9) is the velocity field
gradient

a(R) = Vgw(R) (3.11)

and y(R) is the second-rank tensor defined as the gradient
of the external force

Y(R) = Va®(R) = -VrVaU™(R) (8.12)

The averaging indicated by the symbol (--) is with re-
spect to the unknown time-dependent distribution of the
internal coordinate r. Our expression (3.9) differs from
the already known® formula for the stress tensor contri-
bution of elastic dumbbells (to which it is closely related)
by the presence of the terms involving the tensors (3.11)
and (3.12).4

Similar calculations can be performed for a rigid-rod
particle. We must take into account the constraint (2.12)
and remember that the tension inside the particle is de-
termined by eq 2.14. The average of the relative velocity
tensor (over the velocity distribution) is then given by the
expression

by = (I - ee)-r:—ﬁ + (ea(R)(ea®)? (3.13)
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and correspondingly, the stress tensor due to the rigid rod
is

origid(Rmt) =
-1(2ET)c(Rg,t) + 3kTc(Ry,t)(ee) + 1/2c(R0,t)£Hl2(eee-
a(Ry,t)-e) — Yome(Ry,t) 3 {[e-a(Ry,t)e-a(Ry,t) — eele-
@)?) + Ye(Ry,t) % (eeey(Ry)e) — 1/212C(R0,t)(ee)-;y(R0)
3.14)

The averaging in (3.14) is performed with respect to the
time-independent distribution of the particle orientation
vector e. As before, our expression (3.14) differs from the
known formula for the stress tensor of the rigid rod®*7 by
the presence of the term which is quadratic in the velocity
field gradient « and by all the terms involving the tensor
v. The derivation of the stress tensor presented here also
differs from those of other authors. Furthermore, there
are differences between the stress tensor (3.14) of our
theory and the analogous expressions recently used by Doi
and Edwards® and Jain and Cohen.® The first and second
terms of (3.14) are the same as those in ref 6 and 8 but
there is a nontrivial difference in the third term regarding
the factor accompanying the average (eeee). According
to our theory this term originates from the longitudinal
tension condition (2.14) and so is multiplied by the long-
itudinal component of the friction tensor. In the theories
of Doi and Edwards and Jain and Cohen it is multiplied
by the inverse of the rod’s rotational diffusion coefficient,
which is (see (5.3) below) proportional to the inverse of the
transverse component of the friction tensor.

4. Probability Distribution
The microscopic density in the single-particle configu-
ration space is defined by
FRoxot) = S[R() ~ Rold[r(t) ~xo]  (4.1)
and satisfies the continuity equation
af + Ve dr (Rorot) + Vo od, (Roret) =0 (4.2)

The corresponding currents related to the total cen-
ter-of-mass and internal variable flows are

Jr,(Ro,xo,t) = R(t)F(Ry,rot) (4.3)

and
Jr (Ro,ro,t) = #(t)f(Ro,ro,t) (4.4)

The equations of evolution for the currents can be written
as

3Tg, + Vg [W(R)W(R)]f = ~Vg,[RR -
w(R)W(R)]f - Vi [FRIf - m[Jg, - w(R)] +
mB(R)f (4.5)

and

atjro + Vro'[ro'a(RO)rO'a(RO)]f = N ~
~Velit - rpa(Rorea(®o)]f - VRE-[Rr]f - mE[dy, -
roa(R)f] + 2mIF(xy)f + mirgv(Ry)f (4.6)

To obtain these results the equations of motion (2.9) and
(2.10) have been used to eliminate the accelerations. The
tensors « and v are defined by (3.11) and (3.12).

The so-called inertial terms appearing on the left-hand
sides of eq 4.5 and 4.6 are the only ones that would occur
if the flows in configuration space were to occur without
dispersion about the appropriate average velocities.
Consequently, it is reasonable to expect that the deviations
represented by the right-hand sides of these equations will
be small. By setting these deviations equal to zero we
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obtain equations which can be solved for the quasi-
steady-state values of the currents. Since our configuration
space formalism makes no provision for computing the
distributions in momentum or velocity space, some ansatz
must be introduced to deal with the terms of (4.5) and (4.6)
which are quadratic functions of R and ¥. What we do here
is replace these terms with their local equilibrium averages
calculated with the help of the velocity distribution
function (3.8). This procedure apparently is equivalent
to the use of the “entropic” or “Brownian” force in other
formulations. Using these approximations we obtain the
following expressions for the currents:

Ir,(Roro,t) = WR ~ %k TE Vg f - mEW(R)Y,;
: (rya(Ro)f + £ -RYF (4.7)

and

J;,(Ro,ro,t) = rpa(Ro)f - 2kTELY, f - mE Vg,

wW(Ro) (rga(Rg))f + 26 LF(ro)f + £ 71+(rov(Ro))f (4.8)
The result of substituting these expressions into the con-
tinuity equation (4.2) is the following equation of evolution

for the microscopic density in the particle configuration
space:

3,f + Vp w(Ryf + V.o-(ro-a(Ro))f =
v .(k—Tg‘ ) [VR0 + 2m w(RO)V,O (rpa) -

@(RO) ]f + Vro (2kTE _1) [Vro + — W(Ro)ro'

2kT

a(Ro) - F(ro) S0 Y (Ro) ]f (4.9)

2kT

The same equation is satisfied by the time-dependent
probability density of the configuration space variables.

The derivation must be slightly modified in order to
obtain the analogous evolution equation for the rigid-rod
particle. Since one degree of freedom (the motion along
the axis) is permanently frozen, it must be that

jro(ro,Ro,t)'fo =0 (4.10)

Therefore, only the transverse component of the current
(4.8) remains and it is given by the expression

oL (e0,Ro,t) = lega(Ro)-(I - egeo)f -
2le g, (I - egey)- eJ ml§, - IVRO w(Rolepa(Ry)(I -
eoeo)f +£)° egv(Ry)-(I - eoeo)f 4.11)

The microscopic density in the five-dimensional space is
defined by the formula

ERg,eq,t) = 5[Ry — R(2)]o[e, - e(?)] (4.12)
and satisfies the equation of evolution

8.8 + Vg, w(Rp)E + Vo r(epal(Ry))E =
[Sems + Sor + Smilé (4.13)

Here

Scms = VRQ'( %E_l)'[ VRo - 'k4_T§(R0)] (414)

is the Smoluchowski operator for the center-of-mass dif-
fusion and
Sy =

2kT

lzg Veo + Veo €7€0" a(Ro) €y — EJ_'IVeO-(I - eoeo)"Y(Ro)'eo
L

4.15)

is the orientational diffusion operator. Finally
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Sz = Vrp(MmE™D)W(RY) Ve (eaRg)) + mé 1V, -
[Vr,W(Ro)ega(Ry)-(I - egep)] (4.16)

is a mixture of derivative operators pertaining both to the
center-of-mass and to the orientation coordinates.
When the velocity gradient « is independent of position
[so-called “homogeneous flow”] and the gradient of the
external force ¥ is spatially uniform, the orientational
distribution function ®(e,t) needed to compute the stress
tensor (3.14) satisfies the partial differential equation

at¢(e0,t) + Veo'(eo'a)¢ = Sor¢'(e01t) (417)

which, apart from the term involving the external force,
is identical with the equation used by Kirkwood and Auer.?

5. Rheology of a Dilute Solution

The external force gradient and the enforced flow of the
mixture both tend to orientate the rodlike particles. The
transport properties of the anisotropic “oriented” fluid are
different from those of the corresponding isotropic fluid.
There are two interesting limiting cases of the rheology
of “orientable” fluids. In the first we apply a small-am-
plitude, oscillatory shear to the initially disoriented solu-
tion, probing the dynamics of an equilibrium, isotropic
solution. In the second, we determine the transport
coefficients of a fluid which is in a stationary flow with a
constant rate of shear. The transport coefficients asso-
ciated with the second case are characteristic of the
“oriented” fluid. In the case of a small-amplitude, spatially
uniform oscillatory rate of shear the velocity gradient has
the form

a(t) = aglw)e™t (5.1)

Linear response theory leads to the following expression
for the stress tensor contribution due to the rigid-rod
particles:

Trod™(@) = — T(2m)(w)cRT + Yygct, 11 Tr ay(w) +
[ Vaock) 12 + /5CkT ][ao(w) + apT(w) -

ZI Tr ag(w)] (5.2)

1 __

where
D, = 28T /1%, (5.3)

is the rotational diffusion coefficient of a rod.
From the expression (5.2) it follows immediately that
the shear viscosity increase due to the presence of rods is

1
67]((1)) = l/gocfnlz 3/SCkT—T6_I)—m—t (5.4)
and
2
v = 0) = S, + 156, (5.5)

The bulk viscosity increase is
8¢ = Yyget 2 (5.6)

and for the Trouton viscosity we obtain the simple rela-
tionship
nr(w) = 3on(w) (6.7

The two intrinsic moduli of rigidity are given by the ex-
pressions

Re G(w) 5( kT) [w/6Drot] (5.8)

’ =} 1+ 1w /60 12
[G (w)] cl_l}él 2mc 2m /1 + [w/6Dr0t12
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and

Im Gw) -
(G7()] = lim 28 ~ om0 _
0 2mce

2(RT\([ _w § .8 1
5(2m)(60,0t) [ AR (w/GDm)Z] ©9

For large frequencies (w > 6D,,) our theory predicts the
following asymptotic behavior for these moduli:

[G'(@)]emse ~

. § w
o)) o

Expression 5.11 reduces to the well-known result obtained
by Auer and Kirkwood? provided that the ratio of the
longitudinal and transverse mobilities for the infinitely
long rod is calculated using eq 1.1 and 1.2 for the two
friction coefficients. However, it should be noted that the
value of this ratio obtained from the experimentally de-
termined rotational and translational diffusion coefficients
often differs quite significantly from the asymptotic (I/a
— =) limit of ¢,/¢, = 0.5. The relation between the ro-
tational diffusion coefficient and the transverse friction
is given by eq 5.3. The translational diffusion coefficient
can be expressed in terms of both friction coefficients as

Dtransl kT[ E\ + 1 (512)

ng/(zm) (5.10)

€L

For the tobacco mosaic virus (TMV), which is a good ex-
ample of the rigid-rodlike particle, with a length 2] = 3000
A and diameter d = 180 A, we have3 D,, = 350 + 30 s
and Dy, = (3.4 £ 0.1) X 108 A2 /s. These values are for
a water solution at 20 °C in the presence of a sodium
phosphate buffer (pH 7.5). The friction coefficients cor-
responding to these data are £, = 1.03 X 10® and ¢, = 3.22
X 107 g/s: their ratio is x = £,/¢, = 0.313. Let us now
use these friction coefficients to compute the intrisic vis-
cosity
kT

[n] = m(lﬁ + «) (5.13)

of the TMV solution. Using the value 2m = 6.48 X 10712
g/molecule for the mass of the TMV particle,'® we obtain
an estimate of [] = 22 cm® g-'. This is approximately 25%
less than the observed experimental value 27.28 g7! cm?.
The discrepancy between these two values may be due, at
least in part, to the fact that we used the viscosity of pure
water at 20 °C because data for the sodium phosphate
buffer were not available.

We have calculated the rigidity moduli (5.8) and (5.9)
as functions of the reduced frequency w* = w/6D,,, for
different values of the friction coefficient ratio « = £,/£ .
Figure 1 displays the results. Pertinent experiments were
performed by Nemoto et al.,'! who measured the storage
and loss moduli of dilute solutions of TMV in glycerol-
water mixtures. Unfortunately, despite the claims made
by these and other® authors, the agreement between theory
and experiment is at best only qualitative. For the as-
ymptotic, high-frequency limit of the storage modulus we
obtain (in agreement with the Kirkwood-—Auer result)

lim [G’ (w) = 0.6

w—o

while the experimental value is 0.99.
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e he T T + + t ]
2 4 6 8 10 12 14 18

Figure 1. Loss and storage moduli vs. the reduced frequency,
w* = w/6D,,. The dashed curve and circles, respectively, indicate
the theoretical predictions and experimental'! values of [G*-
(w)](2m/kT). The solid curves and the triangles indicate the
x-dependent theoretical predictions and the experimental! values
of [G"(w)](2m/kT): k= ¢ /¢,.

The asymptotic value of the loss moduli is given by the
expression

” 2_ 1.2
lim [G”()] 77 — = =
The numerical value is 0.2 for the Kirkwood~Auer theory
and 0.13 for the present theory, using the experimental
value of « = 0.313. The experimental value of about 3 is
far greater than any of the theoretical predictions.

The large discrepancies between the experimental results
and linear response theory are rather disquieting. They
may indicate that the simple diffusion-type theory is in-
capable of producing predictions of the transport prop-
erties. However, more precise measurements of the moduli
are needed before a final conclusion can be reached.

A convenient feature of the present theory is the fact
that we can recover results obtained previously for the rigid
dumbbell model by assighing to « the value of unity. Since
the parameter « is a measure of the anisotropy of the
transport properties of the rod, we may conclude that
results obtained for this particular value pertain to par-
ticles with no anisotropic translational properties. The
value of « = 0 corresponds to the opposite extreme of
particles which only can move along their symmetry axis.

The non-Newtonian effects in the “oriented” fluid can
be studied by considering a steady-state, nonlinear re-
sponse of the stress to a constant (time independent) rate
of strain turned on abruptly at time ¢ = 0. To account for
this response we must solve the kinetic equation (4.17) for
an arbitrary, constant shear rate

a = ann,

and subject to the initial condition ¢(t = 0) = 1/(4x).
Details are provided in Appendices B~D. For a homoge-
neous flow without external forces and particle interac-
tions, it is convenient to use the Giesekus form of the stress
tensor. This involves eliminating the fourth-rank tensor
{eeee) from (3.14) by using the equation of change for (ee)
obtained from the kinetic equation (B.1). The resulting
Giesekus form of the stress is given by the expression

arigid(t*) =
—1kTec(2 - «) + 3kTc(1 - «){ee) + Y%k Tck[a*T-(ee) +

— Yok Tex % (ee) — kTcv(e-a*e-a* - ee(e-a*)?)

(5.14)

(ee)-a*]
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Here o*T is the tensor transpose of the dimensionless shear
rate a* = a/D,; and t* = D,t is a dimensionless time
variable.

The shear viscosity increase caused by the (noninter-
acting) rods then can be written in the form

on(w*,a*) = ;—Tg{(l - K) X

1/2 1/2
() - {)(5) e

L 12 3y
gKﬂ'/ Poolw*) + 51/2¢2o( *) - 5 Boa(w*) | +

2(3 1/2 1/ 2 1/2
pa*rl/? [7(3) (]52’1(0)*) + _7.(3) ¢4,1(w*) -

1{ 2 1/2
5(5) ¢*4,3(w*)]} (5.15)

where &* is the dimensionless rate of strain

* = d/Drot (516)
and the dimensionless parameter v is defined by
mi? m
v = Doy (2kT) ZDrot (6.17)

The objects ¢, y(w*) are the projections on symmetry-
adapted spherical harmonics of the Fourier time transform
of ¢(e,t)

¢LM(°)*) = (L,:EMId’(e’w)) (5-18)

By w* = w/D,,, we denote the dimensionless frequency.
The bracket notation of (5.18) is explained in Appendix
A.

The steady-state viscosity increase is given by

dn(a*) = lim [{w*dn(w*,a*)] (5.19)
w*—0

It is interesting to note that the viscosity of the present
theory is a two-parameter function of the shear rate. For
the TMYV solution in water at 20 °C the value of the pa-
rameter » is 2.21 X 1078, Since v is so very small its con-
tribution can be safely neglected.

This dependence of the viscosity on characteristic mo-
lecular parameters is a new feature introduced by our
theory. All previous theories®®12-14 led to universal ex-
pressions for the viscosity increase, common to all rodlike
particle solutes. We recover the previous results for the
stress tensor and viscosity obtained by Bird et al.? for the
rigid dumbbell model (as well as the results of Jain and
Cohen® and Dahler et al.*1 in the low-concentration limit)
if we assign to the parameters the values x = 1 and » = 0.
Kuzuu and Doi!? and Doi and Edwards® completely ne-
glected the terms involving these parameters.

For the normal stress coefficients defined by

Uy (w*,a*) = & %[0, (w*,&*) - 0,(0*,a*%)]  (5.20)
and
Yo(w*,a*) = & %[0, (w*,a*) - o, (w*,a*)] (5.21)

we obtain the following expressions:
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W, (w*,a%) = _(g:;){(ﬁ)z(l - 1)(6) X
(§)1/2[¢2,0< -2t z(w*)] -
()

(K::: )(%)1/2[ brole) = (e )]

[ (35m) /% 4(w*) = '(31)1/2¢22(w*) -
105 5 '

—5(57r)1/2¢4,2(w*> + é‘wl/?qso,o(w*) +

1/2
%(%) Paolw*) + 125#1/%4,0(@*) ]} (5.22)

Wo(w*,a*) = -(ZTZ ){( ) (1-x(12) X
rot
1/2 1/2
(%) dr2(w*) - (”‘" )( >( ) ¢2,2(w*) -

V7"1/2[ '1'5(1’0,0(“’*) ————¢g0(w¥) +

21(51/2)

3\1/2
1054)40(«: ) - (g) &2, 2(w ) - 163(51/2)(#42(0-’*) +

105 (351/2)¢4 4(w¥) ] } (5.23)

For small values of the shear rate &* the solution of the
kinetic equation (4.17) can be written as a power series in
a*, Details of this series solution are reported in Appendix
C. For a stationary flow we obtain the following approx-
imations to the viscosity and normal stress coefficients:

on(a*) =
ETe e (1\(19 1 3
5+ 31 - “H=-=c+ s
15Dm(15 "){1 1.5+K(7)(60 15" ”]}
(5.24)
W, (&%) =
kTe 1 \[ 841555 1103
1- 14 - &2 — _ IS
30Dm2{ - (105)[223608 1848" 31”]}
(5.25)
EKTe 1891
) = — — — — %2 —_— -
Wo(a*) 1()E)szg(l k) — 14y — & (30)(1617(

K) — 11v } (5.26)

For higher values of the reduced rate of strain we have
solved the kinetic equation using the well-known projection
operator technique. Details of this solution technique and
of the approximations it entails are given in Appendix D.
Results obtained with various values of the parameter «
for the viscosity increase and the two normal stress coef-
ficients are presented in Figures 2-4. Our calculations of
the viscosity are compared with Wada’s!® experimental
measurements on TMV solutions. The agreement between
the theoretical predictions and experiments is very good
for a* < 3. For higher values of a* the experimental
viscosity decreases more rapidly with the rate of shear than
the theoretical predictions for « = 0.313. In fact, the two
experimental points for a* > 3 lie outside the range of
theoretical predictions for any admissible value (0-1) of
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Figure 2. Variation én(a*)/én(0) of the shear viscosity with the

dimensionless rate of strain &* = &/D,,,. The triangles indicate
the experimental values reported in ref 15.
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Figure 3. First normal stress coefficient ¥, (&*)(D,,?/kTc) vs.
a*,

1

0 2 4 6 8 10 12 14 16

Figure 4. Second normal stress coefficient ¥, (a*)(D,2/kTc) X
10° vs. &*.

x. In all cases the terms involving v, here equal to 2.21 x
107%, were found to be totally negligible.

The discrepancies between theory and experiment for
large values of &* may be due to interactions among the
TMYV particles, since Wada made no attempt to extrapo-
late his results to the limit of infinite dilution. However,
it also is possible that our approximate solution of eq 4.17
is inadequate at high rates of shear.

It should be noted that the same experiments with which
we have made our comparisons also have been discussed
by Bird et al.? in connection with their studies of the rigid
dumbbell model. The locations of the experimental points
in their Figure 11.4.1 are incorrect and the agreement
which they obtain between theory and experiment is for
a rotational diffusion coefficient with the unacceptable
vallue of 1/¢ 87! instead of the experimental value of 400.3
s,

6. Final Remarks

We have proposed a new, comprehensive theory of the
dynamics of solutions containing rodlike particles. This
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theory has been formulated so that after the values of a
few essential parameters (like D,,, «, and v) have been
established by experimental measurements on an infinitely
dilute solutions, all of the remaining rheological observa-
bles can be computed as functions of time (or frequency),
rate of strain, and concentration. The theory presented
here is restricted to very dilute solutions.

The calculations which we have performed show that
the theory is useful and provides a unified view of various
rheological properties. However, two things have pre-
vented us from thoroughly testing the theory. The first
of these is the incompleteness of the experimental data and
the diversity of its sources—properties have not been
measured for one and the same solution. Furthermore, the
presentation of results in overcrowded graphs and the
all-too-frequent use of logarithmic scales makes it difficult
to recover the experimental results from the research pa-
pers. There is an obvious need for a comprehensive ex-
perimental study of the flow properties of solutions of
well-characterized rodlike particles! The second problem
is that the accuracy of our theoretical predictions depends
upon the accuracy with which we can solve the kinetic
equation for the orientational distribution function, es-
pecially for large values of the dimensionless rate of shear
&*. Besides simple perturbation-like expansions in powers
of &* which cannot be expected to work well for a* > 1,
most previous investigators have used truncated spherical
harmonic expansions, retaining the terms in (B.13) with
L <10 or 12 and solving by numerical means the resulting
(finite) set of coupled equations for the moments ¢y, p(¢).
In contrast to this, we have used the projection operator
method to generate an approximate analytic solution which
should be valid for all values of &*. Neither method is
exact and so a truly satisfactory solution to the numerical
problem is still missing. However, the two methods pro-
duce nearly indistinguishable predictions of the viscosity
on(a*) provided that a* < 10. At higher values of &* our
method predicts that én(a*) will approach a finite limit
whereas the truncated moment method shows a monotone
decay, presumably to zero. This comparison was con-
ducted with the parameter values « = 1 and v = 0, which
should cause our results to agree with those of Jain and
Cohen.

The referee has drawn our attention to several inter-
esting papers on the dynamics of axisymmetric particles
which treat the solute Brownian particle as a rigid ma-
croscopic body with tensorial translational and rotational
mobilities. An extensive presentation of this approach, as
well as some additional pertinent references, can be found
in the papers by Brenner et al.’® This approach is evi-
dently more general (but also much more involved) than
the simple “one-dimensional rod” model proposed in the
present paper. Whether the added complexity is a nec-
essary price to pay for an adequate description of rheo-
logical properties of macroparticle suspensions is unknown
because the theory has not been tested against experi-
mental data. When the mobilities of this more complicated
theory are adapted to the rigid dumbbell model, the pre-
viously mentioned results of Bird and his co-workers®® are
recovered. For suspensions formed from cylindrical par-
ticles of macroscopic dimensions the use of the Brenner
description with the material friction tensors calculated
on the basis of hydrodynamics is very likely to be useful.
It is less certain that those formulas will be reliable for
particles of molecular dimensions. Only comprehensive
tests involving a number of different experimental ob-
servables can settle this matter.
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Appendix A. External Fields

By replacing the external forces ®(r,) and ®(rp) which
appear in eq 2.2 with g,¢(r;) and g.¢(r,), respectively, we
obtain in place of (2.7) and (2.8) the two equations

2mR = -2&[R - cosh (4r-Vy)w®R)] + &, (A.1)
mi = -£[F - 2 sinh (%r-Vg)w(R)] + 2F(r) + &,,; (A.2)

The external forces associated with the center-of-mass and
relative, internal motions are defined by the formulas

P = 10(R + %r) + g6(R - %r)
= 2 cosh (%r-Vz)o(R);
= 2 sinh (%r-Vz)¢R);

g1=¢;=1 (A.3a)
g1=-q¢;=1 (A.3b)
and
@00 = 16(R + Jor) + g20(R - Yor)
= 2 sinh (%r-Ve)é(r);
= 2 cosh (%r-Vz)¢(R);

The choice of g, = g, = 1 is the same as that made in the
text and corresponds to gravitational or wall forces which
do not distinguish between the two elements (ends) of the
rod. The second choice of g; = —¢, = 1 is appropriate to
the interaction of a dipolar rod with an external electric
field ¢ = E.

The analogues of the text equations (2.9) and (2.10) are

d(R)
‘ | (A.5)
it VRo(R)

g1=¢g =1 (Ada)
g1 =-q:=1 (A4b)

mR = -£[R - w(R)] +

and

) r'VRCD(R)
mr = —E-[t —r-yprw(R)] + 2F(x) + (A.8)
2¢(R)

respectively. From these we conclude that results appro-
priate to the “polar” case can be gotten from those of the
“nonpolar” theory by performing the interchange ® «
/1. The corresponding interchange for rigid rods is ®
<> 1/,le-y. To transform the theory from one model to the
other, these interchanges should be made wherever the
quantities ® and v occur in eq 2.9, 2.10, 2.14, 2.15, 3.9, 3.14,
4.5-4.9, 4.11, and 4.15.

Appendix B. Orientational Distribution Function
for Simple Shear

In the special case of the steady simple shear defined
by (5.14), eq 4.17 for the orientational distribution function
becomes

D,y '[3:0(e,t)] = (S, + S)(e,t) (B.1)
with

1 4 d 1 8
=vz2= Zlsino =) + = (B.
So =V, R ae(sm 60) Sin? 0 997 (B.2)

and
6S = 3&*(e-n,)(e:n,) - a*(e-n,)(n,v,) =
d
d cos 6

] (B.3)

- .
%(ei"’ + e‘“”)[ 3 sin # cos B — sin3 8

The spherical harmonics defined in the manner®
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Y M(e) = (elL,M) =
(-1)MiL[ oL + 1 (L - M)!
4r (L + M)
are eigenfunctions of S; with eigenvalues equal to -L(L +
1). These functions satisfy the orthonormality conditions
(LM|L'\M’) = 61 160 3r (B.5)

1/2
] eMsp, M(cos 6) (B.4)

wherein
(L,Mle) = Y;M(e)* = (-1)!*MY,M(e) (B.6)
In this spherical harmonic basis the matrix elements of
the operator 8S conform to the relationship
(L\M16SILM) =
OS(L,M + 1|L,M)é, 16pp pg41 — OS(L,—M +
]'IL?—M)aL’,LéM',M-l + 5S(L + 2,M + llL,M)aL/’L+25M/M+1_
8S(L + 2,~M + 1|L,~M)dy, 1 4odpr sy + 0S(L — 2,M +
1IL’M)6L’,L—25M’,M+1 - (SS(L - 2,—M + 1|L?_M)5L’,L-25M’,M-1
(B.7)
and satisfy the conditions
6S(L,M - 1|L,M) = -6S(L,-M + 1|L~M)
6S(L + 2,M - 1jL,M) = -6S(L + 2-M + 1|L-M) (B.8)
6S(L - 2,M - 1|L M) = -6S(L - 2,-M + 1|L,-M)
The nonvanishing matrix elements of S are given ex-
plicitly by the expressions
SS(LM + LLM) = 1, L-M+1D(L+3)
M+ HLM) = 56| oL+ DeL + 9)
L-2)L +M)
(2L + 1)(2L - 1)

[(L-M(L+ M+ 1))?

+
SS(L + 2,M + 1|L;M) = %a*[ 2LL +33] x

L+M+ DL +M+2HL+M+HL-M+1)
(2L + 1)(2L + 5)

1 L-2
- = %
6S(L - 2,M + 1)L, M) 2a [ZL—l] X

L+ML-ML-M-1)L-M-2) T B
(2L + 1)(2L -3) (B.9)

The two ends of a particle are indistinguishable. This
implies that ¢(e,t) = ¢(—e,t) and that the only terms which
contribute to the expansion

» L
dlet) = (elo(t)) = 22 2 (e|lL,M)(LM|¢(t)) (B.10)
L=0 M=-L

are those with even values of L. Furthermore, because of
the symmetry of the flow

dle,t) = ¢(0,0;t) = ¢(0,~¢5t) (B.11)
This leads to the conclusion that
(L,M|o(t)) = -1)M(L-M|¢(¢)) (B.12)

which, in turn, permits us to rewrite (B.10) as an expansion
plet) = 2

L=0

(L eve

L
MZ_0<eIL,d=M>(L,d=MI¢(t)> (B.13)
n)

in terms of the symmetry-adapted orthonormal basis ele-



1708 Altenberger and Dahler

ments (restricted to even values of L and M = 0)
|L,EM) = 2V2|L M) + (-DML,-M)}; M >0 (B.14)
IL,£0) 2 |L,0); M=0

The matrix elements of §S specific to this new basis are
related to those of the old as follows:

(L' EM'|3S|LAM) =
(L' M’|6S|L,M); for MM’'Z21landM=M" =0
(L' £0[3S|L,£M) =
2Y2(L"0168)L,M ); for M 2 1and M’ =0 (B.15)
(L E=M’|6S|L,£0) =
QUL M/BSILO);  for M'Z1and M =0

Appendix C. Perturbative Series for ¢(e,t)
The solution of eq B.1 can be expressed in the form

86 = —10.0) + pa(e)) ©1)
Introducing the Fourler—Laplace transform
bo(@) = [ dt 6 (t)) (C.2)

we obtain the integral form of eq B.1

b6(@)) = Y(@I2E1) + ——5S66(@)) (C.3)
lw —SO

with w* = w/D,, and where
3 1/2 a*
wo (o) w09

The perturbation [6¢(w)) can be represented in the form
of the series

f9(a)) = T ppo"(w) (C5)

with consecutive terms proportional to increasingly higher
powers of &*. In particular, we find that

8o (w)) = v(w)[2,£1) (C.8)

560(w)) = d*v(w)(g){. li242) - 28

2.00] + — [ 4,42 2(5)/240 ]} C.7
ROTH ool gt A 5) WO |y ©D
and
1 1 (46
3) = —A*2 _
Ipe™(w)) = ~a 7(“’){iw*+6[iw*+6(49)+
1 24 1 1 65
iw*+20(49)]l2:h1)+ +20[iw*+6(@)+
1 955 2\1/2
iw*+2o(539)](§) L) -
1 1 +(31) 1 (5)x
lw* + 20| iw* + 6 11 Jiw* + 20
14
—_ i -—
(3) [4,£3)
1 1 10 \[ 14 \1/2
ot + 42 o F zo(ﬁ)(f) 16,£3) +

Y
3
1 1 10 \( 35 \!/2
it + 42 jo* + zo(ﬁ (1_3) 'e’i”} (C8)
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The stationary distribution function in the presence of
the shear flow can be obtained from the expression

|getat) = }1112 lo(8)) = 0,0) + |3g==)  (C.9)

/2
with
66°2t) = lim [iwlp6(w))] = [68(H) + 86 + .. (C.10)
and where

1664, (l )(51 )1/2|2,¢1> (C.11)

1
6o = a* (42(57) )[2(31/2) 2£2) + 7 14:42) -

2,0) - |40)] (C.12)

266 1/2)

1 3 \v2
(3) y = —p%3 +1) +
1065ta.) “( )(sw) [630'2 Y
2003 12 29 (14)1/2
- +1) - ——[ = +3) —
129360(3) £~ Ta480 [4,£3)

1 (14 )2 35
@(ﬁ) |6,£3) + 924(15) |6i1)] (C.13)

Appendix D. Approximate Solution of Kinetic
Equation Using the Projection Operator Method

The simple series expansion can be expected to give an
adequate approximation of the solution only for small
values of the reduced rate of strain (&* << 1). In order to
extend the range of &* we apply the well-known projection
operator technique!”!8 to the equation

Aplp(t)) = (Sy + 69)j60(t)) + 85|¢%%) (D.1)

with the initial condition |6¢(0)) = 0. The operators in
(D.1) are defined according to (B.2) and (B.3). We use the
dimensionless time t* = D,.t.

In the Fourier-Laplace representation the equation of
motion for the projection P|é¢(w)) can be written as

[w*Pod(w*)) =
PSyPlég(w*)) + Uw*)Pog(w*)) + |Z(w*)) (D.2)

where the “scattering” operator Q(w*) is given by the ex-
pression

1
* - QS +89)Q

Qw*) = PBSin QiSP  (D.3)

and the vector|Z(w*)) by

w*|Z(w*)) = P8S|e%9) + Qu*)je®d) +

1 (-]
Pasiw - Q(S, + 5S)QQ5SQ|¢ 1) (D.4)

P is the projection operator onto the space spanned by the
basis element |L,£M) and @ = 1 — P is the complementary
projector.

Because P6SP = 0 and S, is diagonal in this repre-
sentation, we can rewrite the operator Q(w*) in the form

1
Qw*) = P5Smﬁsp (D.5)

Using now the operator equality
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1 1
lw* — Q(Sy + 6S)  iw* -~ S, - 08
1 1
_—_— + P
lw* = S, - BSP(SO 55) iw* ~ Q(S, + 89)
we obtain the following expression for the “scattering”
operator:

(D.8)

1
w* — PSP + V()

Qw*) = V(e*) - V(w*)i Vie*) (D.7)

where the “elementary interaction” operator V(w*) is de-
fined by

V() = P3S: 1 Sp (D.8)

w* _So_685

Equation D.2 is exact. The approximations we use to
proceed further are the following:
(1) We approximate the operator Q(w*) by
1
iw* - SO

I%w*) = P5S 8SP (D.9)

(2) We approximate the vector |E(w*)) by its pertur-
bation expansion through terms of third order in &*
|E(w*)) = [iw* — PSoP][P16¢M(w*)) + Plog®(w*)) +

P|5¢®(w*))] — Q(w*) (8¢ (w*)) (D.10)
where the vectors [6¢?(w*)) are given in Appendix C. The
final expression for the projection of the distribution
function is
oprm(w*) = (L, =M|é¢(w)) =

1
iw* + L(L + 1) - Qpp(w*)

Erm(e*) (D.11)

where

Qule®) = (LEMQWH)|LEM)  (D.12)

and

Ermw*) = (L,EM|E(w*)) (D.13)

The diagonal matrix element Q9 ,,(w*) can be expressed
in terms of the matrix elements of the perturbation op-
erator as

1
[1] -
Warlo®) = gL LAEMISILAM + 1) X
(L,£(M+ 1)3S|L,£M) + (L,£MsS|L,=(M -
1))(L,%(M - D)SSILEM)] +
1
T LT D@ T [(LEMBSIL + 240 +1)) X
(L + 2,2(M + DISS|L, M) +
(LAMPBS|L+,£(M - 1))(L + 2,%(M - 1)PsS|L,=M)] +
1
T L DL D LEMIOSIL - 2 + D)L -
2,+(M + 1)|3SIL, M) +
(LEMBSIL - 2,2(M - 1))(L - 2,£(M - 1)|3S|L,=M)]
(D.14)

where we have used the selection rules (D.7).

In the calculations performed in this paper we deal only
with the stationary-flow viscometric functions.

For the stationary perturbation of the orientation dis-
tribution function we have

1 Lrend
LI + 1) - 99,,(0)

doTRf = 1 (D.15)
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where
Z% = lim[iw*E] 1 (w*)] (D.16)
w0
The appropriate coefficients are
EsLta = :ilﬁtat + Efﬁmt + Eﬁ{;mt (D.17)

with

— 1 3 \/2
Efijjtat = 0‘*(5)(5) 07,90M,1

1
= 2)stat — a¥l — I %
£ (42(571')1/2)
[31/%81,26p1,2 + B0 40a0 = B81,2800 — 2(5Y/2)81, 40010)

_ o TY 3 Y2 19

Effpet = ‘“*3(5)(37?) [ TR
2003 2 )2 29 (141
gags\3) ‘nafi”goa\ T ) radma-
1{14\2 1(35)"2
EE(E) ‘%6%*5(5) ‘5“‘3““]‘

1/2
Q%M(O)d*(é)(%) 812001 (D.18)

The functions Q,(w*) involved in the calculation of the
non-Newtonian viscometric coefficients are given by the
expressions

o (&N 72 40
Bolw) = (7)[iw*+6+iw*+20

kN2 46 24
0 *) = — adl +
21(w%) (7 )[iw*+6 iw*+20]

N[ 10 40 1
0 *) = | 9_ + =
222(") (7)[iw*+6 3 iw*+20]

v \2[ 29600 1
0 *) = — ‘_x__ —
Bolw®) ( 7 ) 121 io* + 20
480200 1 64 1
4719 iw* + 42 3 iw* + 6] (D.19)
ok \ 2
0 (o) = (V16993 1
Balw®) ( 7 ) 121 iw*+20 T
318304 1 65 1
4719 io* +42 3 io* + 6

a*\[7184 1
Dol = _(7) | 121 iw* + 20
220892 1 40 1
4719 iw* + 42 3 jw* + 6 ]
a* \2[ 7735 1
alw™) = ‘(7) | 121 dw* + 20
186592 1 35 1
4719 iw* +42 3 iw* + 6
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ABSTRACT: Terpolymers of but-1-ene and but-2-ene with sulfur dioxide have been prepared with a range
of compositions and with meso and racemic but-2-ene units so that the microstructure might be characterized
by 3C NMR spectroscopy. A model for high-frequency motion of a 1-olefin sulfone and a terpolymer with
a high 1-olefin content is proposed; the model views the chain as a series of helices whose rotation is controlled
by viscous drag at their surface and by the kinetics of the link articulation. Though a polymer consisting
entirely of r, but-2-ene sulfone units is 50 times as free as the but-1-ene polysulfone, according to T, mea-
surements, no extra flexibility results from the inclusion of a small proportion of such but-2-ene units at randomly
distributed fixed points in a mainly but-1-ene sulfone chain.

Introduction

In poly(1-olefin sulfone) chains electrostatic interactions
between adjacent sulfone groups are sufficiently strong to
create order in solution, which in the simplest accounts
results in a helical segment model.'™* The points of dis-
order, or kinks, between helical units are randomly created
in a poly(1-olefin sulfone) chain when a C-C bond is
thermally promoted to the trans conformation so that its
flanking sulfone groups are separated and their relative
orientations are decoupled. Kinks may also be introduced
chemically by the inclusion within the chain of a small
proportion of cyclic olefin or 2-olefin structures, according
to a simply theory that was supported by some measure-
ments of the equilibrium longitudical dipole moment.!?
The dynamic behavior of but-1-ene and of but-2-ene po-
lysulfone has been probed by T, and nuclear Overhauser
measurements upon the main-chain 3C NMR signals.t®
It has been suggested that the consequence of the elec-
trorestrictions present in the former chain is a relatively
long correlation time for high-frequency segmental motion
(7, = 26 ns at 303 K)® and that their absence in the latter
polymer, where the C—C bonds are trans, permits a much
shorter correlation time (7, = 0.47 ns at 303 K).°

Here we offer a development of some of these ideas. For
the poly(1-olefin sulfone) chain a simple hydrodynamic
model is proposed for high-frequency rotations of the
helical segments about their long axis and is examined by
means of T measurements upon the methylene carbon
atoms of but-1-ene units in a terpolymer of SO,, but-1-ene,
and but-2-ene. Before that test is performed and assessed,
the 1¥C spectrum of these copolymers is related to the chain
microstructure, which has three chief features: olefin se-
quence effects, the meso/racemic relationship of two chiral
centers linked by a sulfone group (m,/r,), and the
meso/racemic relationship of the two chiral centers within

a but-2-ene structure (m./r,). In order to ensure that this
latter feature has been properly characterized, a copolymer
has been prepared from but-1-ene and trans-but-2-ene at
such a sufficiently low tempertaure that a large proportion
of the 2-olefin units retained the configuration of the active
centers to form an m, unit.”® The substitution parame-
ters, v, = —2.7 ppm and 6, = 1.0 ppm have been used when
making assignments.”!!

Model of High-Frequency Motions of the Helices

The terpolymer of SO,, but-1-ene, and but-2-ene is
viewed as a system of linked cylinders, with one residue
at a link (or kink) and m - 1 but-1-ene sulfone residues
within a cylinder. For a cylinder of length [, and radius
a rotating in a medium of viscosity » about its axis defined
by the positions of the kinks at each end,!?

.= ¢/RT
where
frictional torque at surface + torque at kinks

angular velocity
= 4mrna®l, +

As I, = (m — 1)I,, we may write
Tem = (M =171 + 7

where 7, is the contribution to the relaxation time of a
helical section made by a but-1-ene sulfone unit of length
l, and 7 is the characteristic relaxation time of the link
or kink process. If as before,! p is the probability that the
1-olefin unit is part of a helix and x is the mole fraction
of those units in the chain, the number of helices con-
taining m units is

N, = z(1 - px)*(px)™*
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