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hydroxyprolyl residues. The details of these will be

published elsewhere.
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Transport Coefficients of Helical Wormlike Chains. 2.
Translational Friction Coefficient
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ABSTRACT: The translational friction coefficient of the helical wormlike chain is evaluated by an application
of the Oseen-Burgers procedure of hydrodynamics to the cylinder model. The Oseen hydrodynamic interaction
tensor is preaveraged, and therefore there is no need of consideration of the effect of the coupling between
translational and rotational motions. A useful empirical interpolation formula is also derived to be valid for
any possible values of the model parameters. Some salient aspects of the behavior of the sedimentation coefficient
are discussed on the basis of the numerical results. In particular, it is pointed out that even if the proportionality
of the sedimentation coefficient to the square root of the molecular weight is experimentally observed over
a wide range, the chain may not always be regarded as a random coil but may possibly be characterized as

a helical wormlike chain.

In a previous paper,' part 1 of this series, a study of the
steady-state transport coefficients of helical wormlike
(HW) chains??® (without excluded volume) was initiated.
The evaluation of the translational diffusion (or friction)
coefficient and intrinsic viscosity of the characteristic
regular helix,? i.e., one of the three extreme forms of the
model chain corresponding to its minimum configurational
energy, was carried out by an application of the Oseen-
Burgers procedure of hydrodynamics* to cylinder models.
In this paper, we proceed to evaluate the translational
friction coefficient of HW chains along the same line.

As discussed in detail previously,' there are two fun-
damental problems to be considered. One is concerned
with the steady-state transport length scales for the cyl-
inder model, and the other with the possible effect of the
coupling between translational and rotational motions of
skew bodies. The length scales to be adopted must be of
the same order as or larger than those associated with the
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equilibrium chain configurations. This should always be
kept in mind when an analysis of experimental data is
made by the use of theoretical expressions for the transport
coefficients derived in the present and later papers. As
for the second problem, it was shown that if the Oseen
hydrodynamic interaction tensor is preaveraged in the
Kirkwood-Riseman scheme,? the coupling does not affect
the translational friction coefficient of the regular helix
at all, while the effect on its intrinsic viscosity may be
negligibly small except when the number of its turns is very
small. It is clear that the skewness is partly destroyed for
the HW chain having internal degrees of freedom, and
moreover, the evaluation for this chain is carried out with
the preaveraged Oseen tensor as in the case of the
Kratky—Porod (KP) wormlike chain.* Therefore, we do
not consider the coupling in the present and later papers.

The mean reciprocal distance between two contour
points of the chain, which is necessary for the evaluation
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with the preaveraged Oseen tensor, has already been
obtained in closed form for several cases of the values of
the model parameters.® Thus, in section I, we derive a
semianalytical expression for the translational friction
coefficient by the well-established method. In section II,
we consider the associated KP chain,? i.e., the KP chain
whose Kuhn length is the same as that of the HW chain
under consideration. This serves to derive in section I1I
an empirical interpolation formula for the translational
friction coefficient of the latter which is valid for any
possible values of the model parameters. In section IV,
we discuss some salient aspects of the behavior of the
sedimentation coefficient on the basis of the numerical
results. An analysis of experimental data is deferred to
the next paper, in which the intrinsic viscosity is studied.

Basic Equations

Until the molecular weight is explicitly introduced, the
equilibrium average configuration of the HW chain of a
given contour length may be described by four parameters:
the constant curvature «; and torsion 7, of the charac-
teristic helix, the Kuhn length A™! of the KP chain as
defined as the HW chain with «;, = 0, and Poisson’s ratio
o. Most of the numerical computations were carried out
for ¢ = 0, and therefore we consider this particular case
also in this paper. (Note that the moments of the end-
to-end distance are rather insensitive to the change in ¢.)
The HW cylinder as the hydrodynamic model is defined
by further introducing the total length L and the diameter
d of the cylinder. It reduces to the regular helical cylinder
studied in part 1, in the limit A — 0, A being a measure
of chain stiffness. In what follows, all lengths are measured
in units of ! unless specified otherwise. It is sometimes
convenient to use instead of x; and r, the parameters u and
v defined by

u = 1olkg? + 7272

v = (12 + 1,512 1)

as in part 1. The parameter u determines the form of the
characteristic regular helix apart from its size, i.e., the ratio
h/p of its pitch h to radius p {whether the reduced or
unreduced lengths are used), and »/2x is equal to the
number of its turns contained in the unreduced contour
length equal to A! (in the unit contour length when the
unreduced lengths are used). Note that the (reduced)
parameters kg, 7o, and v increase to infinity as A is decreased
to zero.

Now, we suppose that the HW cylinder possesses the
uniform translational velocity U in a solvent with viscosity
coefficient n,, whose unperturbed flow field is nonexistent,
and we replace the cylinder by a frictional force distri-
bution f(x) per unit length along the cylinder axis as a
function of the contour distance x (0 < x < L) from one
end, following the Oseen-Burgers procedure. If the Oseen
tensor is preaveraged, there is no need of consideration of
the coupling effect arising from the chain skewness, so that
the configurational average (f(x)) of the frictional force
satisfies formally the same integral equation as in the case
of the KP cylinder,*

L
SRy (6D dy = 6oL (@)
with
K(xy) = K(x - y) = (R - ) ®)

where R is the distance between the contour points x and
¥, I is the normal radius vector from the contour point x
to the cylinder surface, so that |r| = d/2, and in eq 3 the
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{) denotes the configurational average and also the average
over ¥, The mean total frictional force (F) and the
translational friction coefficient % are given by

L
(F) = ZU = fo (£(x)) dx 4)

If the solution of eq 2 in the Kirkwood-Riseman ap-
proximation is substituted into eq 4, we obtain for =

L
3aneL/E = L j; (L - HK(t) dt (5)

with ¢t = 1x — y|. Thus, the problem is to evaluate the
kernel K(t) = (|R - r|) and the integral in eq 5.

Statistical mechanically, the HW chain of contour length
t may be described completely by the Green’s function
G(R,u,a|ugpagt), i.e., the conditional distribution function
of the radius vector R(¢) = R of the contour, the unit
tangent vector u(t) = u, and the unit mean curvature
vector a(t) = a when R(0) = 0, u(0) = uy, and a(0) = ay,2™8
The kernel, or the mean reciprocal distance, may then be
evaluated from

K(t) = (27r)‘1def/dr|R - r[1G(Rjug,agt) ()
with
GRlupagt) = f GRwalupagt) duda  (7)

where the integral over r is subject to the condition,
ru, =0 (8)

The set of unit vectors a, b (=u X a), and u defines a
localized Cartesian coordinate system affixed to the chain,
whose axes coincide with the local principal axes of inertia
of the chain as an elastic wire.? It is then clear that K(t)
is independent of the orientation of the initial localized
system (ay,bg,uy), and also that the directions of r and a,,
which are perpendicular to u,, are independent of each
other, r being just the normal radius vector introduced in
the application of the Oseen—Burgers procedure to the
hydrodynamic cylinder model. We therefore have

K@) = 2n)™ f dR f drR - r'GRluy=et) (9)

where e, is the unit vector in the direction of the z axis
of an external Cartesian coordinate system, and

GRlugt) = 207 f GRlugat) dag  (10)
An approximate expression for the mean reciprocal

distance given by eq 9 has already been found to be (eq
66 of ref 6)

K(t) =
5 3 2
(82 4 Yyd) VAL + Lfpt' + L 2L fd%t) fort < o,
i=1 i=1;=1
2 i
K(t) = (6/mc.t)/?L L B; d¥(c.t)™ +
i=0j=0
q 2
h(og=t)(c.t) V23 2L E;d¥(t - gy)'*3 for t > o, (11)
i=0j=0
with
fu) = 1/3, BQQ = 1, Bll = _0.125,

By, = 0.0140625 (12)
where h(x) is the unit step function defined by h(x) = 1
for x 2 0 and h(x) = 0 for x < 0; and oy, 04, fiy (i = 2-5),
fiy G =1-3;j =1, 2), Byy, By, By, Ejj, and g are constants
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independent of ¢ and d but dependent on «, and 7, and
to be determined numerically to give a good approximation
to K(t) (for the details, see ref 6). ¢, is the Kuhn length
of the HW chain (for ¢ = 0) and is given by??

2

lim ((R?)/t) _Arn

Co = llM = =

t—>o 4 + K02 + 702
i (e =0) (13)
4+ 2 7

with (R?) the mean-square end-to-end distance of the
chain of contour length ¢. Note that o; = 05 and fy = f5
= E;; = 0 for the KP chain with «; = 0.

Substitution of eq 11 into eq 5 and integration leads to

3mnol/E = Fi(L,d;Ly) + h(L - 6 Fy(L,d;Ly,01,05) +
h(L - )F5(L,d;0y) (14)

where F; are defined by
5 .
Fy(L,d;Ly) = gofioLl'[Ii(d/Ll) = (L1/L)(d/Ly] +

3 2
2 2 fyLid¥I(d /L)~ (Ly/L);41(d /L)) (15)

i=1j=1
q 2 i+3
Fy(L,d;Ly,01,09) = c.™/2% ZEijd2JZ(‘,+3)(—02)’ X
i=0j=0 r=0
1 _ L Lyir+1/2 —
i-r+7/2 LG-r+9/2
1 o]

_ i-r+7/2
i-r+7/2 La-r+9/2) |™ } (16)

F3(L,d;0'1) =
6 /2 9 . L/
—_— Y J -1
. ) EEB T ousa T
1 9 1/2-i
[i—1/2 L(i—s/z)]"1 an
with

foo=1 (18)
L,; =LforL < o; (i = 1,2);
Li=gforL >0 (i=1,2)

Iix) =-lnx +In2+In[1+ (1+ Yx)/?
L{x) = (1 + Yx?)V/2 - Yy
Iy(x) = Jo(1 + YxHV2 - Ypxo(x)
I3(x) = Y(1 + Yx)'/? - Yx?I, (x)
Li(x) = Y,(1 - %x) (1 + YxH) /2 + Ypextlo(x)
Ii(x) = %1 - %xD (1 + YxHV2 + Yool (x)

Ts(x) = V(1 = %ex? + Whogx®) (1 + Yix?)1/2 = ¥ 094x80 ()
(20)

(19)

Equation 14 for = is semianalytical since the involved
constants f;;, E;;, Bjj, etc., have been evaluated only for
several cases of the values of «; and 7y, and moreover, it
is not convenient for practical use because of its com-
plexity. Therefore, we reconstruct a simpler and com-
pletely analytical interpolation formula for = approxi-
mately on the basis of its values calculated from eq 14. For
this purpose, the constants above must be evaluated
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systematically for more cases of the values of «, and 7.
Before proceeding to do this, in the next section we ex-
amine the behavior of X for the associated KP chain whose
Kuhn length is equal to c.. and which corresponds to the
base of the triangle in our hypothesis on polymer chain
configurations (see Figure 1 of ref 3).

In what follows, it is convenient to designate the left-
hand side of eq 5 or 14 by 3,

§=3mL/E (21)

which is related to the experimentally observable (unre-
duced) translational diffusion coefficient D and sedi-
mentation coefficient s by

D = A\kTs/3nnL (22)
s = AM(1 - Opg)5/3mneL N4 (23)

where & is the Boltzmann constant, 7' the absolute tem-
perature, N, the Avogadro number, M the molecular
weight of the solute, 0 its partial specific volume, and p,
the mass density of the solvent. Note that § is proportional
to s.

The Associated KP Chain

An expression for any average quantity for the associated
KP chain may be obtained from the corresponding ex-
pression for the KP chain by further reducing all (reduced)
lengths ! by c., i.e., by replacing [ by c..”}l. Therefore, the
kernel K, xp(t,d), or the mean reciprocal distance, as a
function of ¢ and d for the associated KP chain may be
obtained from the kernel Kyp(t,d) for the KP chain as

Ka-KP(tyd) = cw_lKKP(Cm_lt)Cm_ld) (24)
By the use of eq 37 of ref 4 for Kxp(t,d) in eq 24, we then

find, from eq 5, for §, kp, i.e., the quantity § defined by eq
21 with =, kp for the associated KP chain

§o-xp(L,d;a1) = Fi(L,d;Ly) + h(L - o) F5(L,d;0y) (25)

where F; and F; are defined by eq 15 and 17 with By, By,
By, foo, and L, being given by eq 12, 18, and 19 but with
o, and the remaining coefficients by

aJq = 2-2780009 flO =1/3€°’_1’
fso = —0.02447¢.73,
fi1 = 0.04080c..”%,

f21 = _0.47360m_4,
fa1 = 0.009666¢..%,
By, = -0.025¢.2,

f20 = 0.113006,‘2,

fio=fs=0,
fiz = 0.004898¢ .75,

fas = —0.002270c.,"¢,
fas = 0.0002060¢..”",
By = ~0.016295¢..%,
By = 0.065625¢.2 (26)

Note that ¢ in eq 37 of ref 4 for the KP chain is equal to
o = 2.278 (with c.. = 1), and therefore that in the use of
this equation in eq 24, the inequalities t > o or ¢t < ¢ for
the KP chain should be replaced by t > ¢, or ¢t < ¢, with
0'1 = 2.278009.

As seen from eq 5 and 24, the 5, xp given by eq 25 is
equal to the quantity $xp(L,d;o;) for the KP chain with
¢. 'L and ¢, 'd in place of L and d, respectively,

ga—KP(L5d;al) = §KP(C.;,_1L,C°°_1d;O'1) (27)

where o; = 2.278 on the right-hand side of eq 27, so that
§,-xp reduces to Sxp when «, = 0, and therefore when c..
= 1. Note that the previous results for the KP chain given
in ref 4 may be obtained by expanding the 5, xp given by
eq 25 with c.. = 1 in powers of d/L and d, assuming that
d/L << 1and d << 1. However, we avoid this expansion
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08 07 06 05 0.4 b

Figure 1. A family of curves with constant c., in a (x,7,) plane.
The numbers attached to the curves indicate the values of c¢... The
plane is divided into three characteristic domains I, I1, and III
by the broken (a) and chain (b) curves (see the text).

for the present case, in which we consider also the possible
range ¢.ld ~ 1.

It is also seen that the dependences on L and d of the
S.xp given by eq 25 are the same for different pairs of
values of «; and r, when ¢, is the same. Figure 1 shows
a family of curves with constant c.. in a (x,,7y) plane, the
numbers attached to the curves indicating the values of
¢». The plane is divided into three domains I, I, and 111,
as shown in the figure, where the broken curve a is the
boundary between the domains I and II and the chain
curve b is the boundary between the domains II and IIL®
The ratio (R?)/c.t (=C,/C, with C, the characteristic
ratio) as a function of ¢ exhibits at least one maximum in
the domains I and II, and the first peak (occurring as ¢ is
increased) is higher and lower than the coil limiting value
of unity in I and II, respectively. In the domain III, the
ratio is an increasing function of ¢t but exhibits inflection
in some cases. Typical HW chains belong to the domain
I. Thus, Figure 1 facilitates to understand the charac-
teristic behavior of the chain with given values of «, and
70

Now, it is instructive to compare the behavior of § for
a typical HW chain with that for the associated KP chain;
thi serves to obtain an interpolation formula for § in the
next section. Figure 2 shows double logarithmic plots of
§ against L. The full and broken curves represent the
values for the HW chain with x = 0.2, v = 8 (x, = 7.8384,
70 = 1.6, c.. = 0.096471), and d = 0.01, and the associated
KP chain, respectively. In the figure, the values calculated
from eq 53 of ref 1 for the corresponding characteristic
helix and rod (J¢| = 1 for the latter) are also represented
by the chain (H) and dotted (R) curves, respectively. Note
that the 5 for the regular helix and rod are functions of L/d
and vd and of L/d, respectively, so that the expressions
for 5§ remain unchanged with reduced lengths. As expected
from the behavior of (R?)/t (Figures 1 and 2 of ref 3), the
HW chain is seen to become the associated KP chain in
the limits L — 0 and L — «, the difference being most
remarkable at L ~ 1.0.

Empirical Equations

From the foregoing analysis, it seems convenient to
construct an interpolation formula, instead of for § itself,
for a factor I'; defined as a function of L, d, o, and 7, by

§ = §a~KPFf(Lyd;Ko’To) (28)
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Figure 2. Double logarithmic plots of § against L. The full curve
represents the values for the HW chain with ¢ = 0.2, » = 8, and
d = 0.01 and the broken curve a-KP, chain curve H, and dotted
curve R for the associated KP chain, corresponding characteristic
helix, and rod, respectively.

where §,_xp is given by eq 25. A good approximation to
T'; has been found to be of the form,

Iy =14 (AL7Y2 4 A,L)[1 - (1 + el)eL] + AzLet
(29)

with

Moo
Meo
Me

A, = (

- a;#'d' + a;{** In d)v' cos (imp)

(k=1,2,3) (30)
Clijm =0 (31)

where ¢ is a constant weakly dependent on u and v, and
a;{* are constants independent of L, d, ), and 7. We note
that the second term on the right-hand side of eq 29 has
been inferred to give the analytically predicted asymptotic

forms,

0

1

0 j

lim I'y = 1 - (constant)L (32)
L0
Pm I; =1 - (constant)L /2 (33)

and the third term has been added to give good ap-
proximations for L S 1. Further, note that A, are the even
functions of u. This is consistent with the fact that the
transport coefficients are independent of the sense of the
characteristic helix.!

The constants e and a;;* have been determined in the
following way on the basis of the values of § and 5, kp, and
therefore I', calculated from eq 14, 25, and 28 for various
values of L ranging from 0.01 to 1000, and d ranging from
0.0025 to 0.25. The constants involved in eq 14 have been
determined following the procedure of ref 6 for the values
of xy and 7, indicated by the filled points in the (k1) plane
of Figure 3. In the figure, the straight lines passing
through the origin have the slopes u(1 — 4?2, and the
circles with the centers at the origin have the radii v, the
filled points as their intersections being specified by the
indicated values of u and ». If v is increased along one of
the straight lines with a given u, supposing that the un-
reduced «; and 7, (or the actual size of the characteristic
helix) are fixed, then A decreases, and therefore the helical
nature of the chain becomes strong. If u is decreased along
one of the circular arcs with a given v (and with X fixed),
the ratio of the radius p to pitch h of the characteristic
helix increases, and therefore again the helical nature of
the chain becomes strong. This dependence on u and »
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Figure 3. Straight lines passing through the origin with the slopes
u(1 - 4?72 and circles with the centers at the origin and with
the radii » in the (x,7) plane (see also legend to Figure 1). The
constants involved in eq 14 have been determined for the values
of kg and 7¢ indicated by the filled points. The application of eq
28 is limited to the shaded domain,

of the strength of the helical nature is useful also in a later
discussion of the results. The determination of the
constants in eq 14 fails for small x and v > 5, i.e., in the
domain of strong helical nature, very few real chains
belonging to it.5 The coefficients A, (k = 1-3) in eq 29 have
been determined from the values of T; by the method of
least squares for various sets of values of kg, 7o(u,v), and
d, and a best form of ¢ has been found to be

e=03+ 04v (34)

Then, the numerical coefficients a,/* in eq 30 have been
determined by the method of least squares from the values
of A thus determined as functions of u, », and d. The
results for a,* are given in Table L.

The application of eq 28 with eq 29-31 and with these
values of a,-j“ is limited to the shaded domain in the (xg,7)
plane of Figure 3. This suffices for real chains; the
equation for the KP chain is valid in a good approximation
for kg < 1.5 or for u 2 0.5 (approximately the domain III).
The error in the value of § calculated from eq 28 does not
exceed 1% for L/d = 5 and 0.0025 < d < 0.25 except in
the domain of strong helical nature with large d; when L
< 2, it exceeds 1% but not 2% for 4 = 0.2, » = 8, and d
= 0.175, for u = 0.2, » = 7, and d 2 0.225, for u = 0.1, »
=6,and d 2 0.2,and for u = 0,» =5, and d = 0.2. Thus,
the accuracy of eq 28 is good enough for real chains, whose
d may not be regarded as large when the helical nature is
strong.

Numerical Results and Discussion

In this section, we examine the change of the depen-
dence of § on L when «;, 7o(u,v), and d are changed, on the
basis of the values of § calculated from eq 14 or 28. Figure
4 shows double logarithmic plots of § against L/d for the
two cases of v = 2 (weak helical nature) and » = 8 (strong
helical nature) when w = 0.2 and vd = 0.02. The full and
broken curves represent the values for the HW chains and
the corresponding associated KP chains, respectively, the
numbers attached to the curves indicating the values of
v. For comparison, the values calculated from eq 53 of ref
1 for the corresponding characteristic helix and rod (Ju| =
1 for the latter) are also represented by the chain (H) and
dotted (R) curves, respectively. Note that the charac-
teristic helices corresponding to the HW chains with
constant u and vd have the same § as a function of L/d.
In this case, the helical nature of the chain with larger v
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Figure 4. Double logarithmic plots of § against L/d for the two
cases of v = 2 and 8 when x = 0.2 and vd = 0.02. The full and
broken curves represent the values for the HW chains and the
corresponding associated KP chains, respectively, the numbers
attached to the curves indicating the values of ». The chain curve
H and dotted curve R represent the values for the corresponding
characteristic helix and rod, respectively.
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Figure 5. Double logarithmic plots of § against L for u = 0.2 and
v = 2. The full and broken curves represent the values for the
HW and associated KP chains, respectively, the numbers attached
to the curves indicating the values of d.

is stronger, as mentioned in the last section. Indeed, the
curve for large v (and small d) exhibits the helical nature
remarkably; it is close to the curve for the characteristic
helix in the range of small L/d and has an inflection point.
This is not observed for the KP chain.

In all figures in the remainder of this section, double
logarithmic plots of § against L are shown for the HW and
associated KP chains by the full and broken curves, re-
spectively. Figures 5 and 6 show the dependence of the
plots on d for the cases of u = 0.2 and v = 2 and of u =
0.2 and v = 8, respectively, the numbers attached to the
curves indicating the values of d. From the two figures,
it is seen that the difference between the HW and asso-
ciated KP chains in the logarithm of § is larger for larger
v but is almost independent of d for given u and ».
However, it is important to observe that a number of sets
of values of the model parameters can give almost the same
dependence of § on L. This indicates that it is impossible
to determine the model parameters accurately from
sedimentation coefficients s alone. In particular, the plots
have the slope 1/, for L 2 10 in some cases, e.g., for v =
2 and d = 0.1 (in Figure 5) and for » = 8 and d = 0.01 (in
Figure 6); that is, the theory predicts that for certain stiff
chains, s is proportional to M'/? as in the case of non-
draining flexible chains. In other words, even if the
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Figure 6. Double logarithmic plots of § against L for u

10

see legend to Figure 5.

’

=8

v

0.01. The full and broken curves represent the values for

the HW and associated KP chains, respectively, the numbers

Figure 7. Double logarithmic plots of § against L for » = 3 and
attached to the curves indicating the values of u.

d

3, 5, and 7, respectively, with d being fixed at 0.01, the

numbers attached to the curves indicating the values of

0.01; see legend to Figure 7.
Figures 7-9 show the dependence of the plots on u for

chain may not always be regarded as a random coil but
may possibly be characterized as an HW chain. A definite

conclusion regarding the characterization of a given chain
requires also an analysis of other transport coefficients.

Figure 8. Double logarithmic plots of § against L for » = 5 and
proportionality of s to M'/2 is observed experimentally, the
or the accurate determination of its model parameters
u. In this case (for which d is fixed), all the plots yield the
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T

10 | 10 10

Figure 9. Double logarithmic plots of § against L for v = 7 and
d = 0.01; see legend to Figure 7.

same § corresponding to the rod in the limit L — 0. It is
seen that this dependence is larger for larger », and also
that the difference between the HW and associated KP
chains in § is larger for smaller u (for stronger helical
nature) irrespective of the values of » and is negligibly small
for 4 2 0.5 provided that L 2 10. This implies that the
equation for the KP chain is valid in a good approximation
for u 2 0.5 irrespective of the values of d, as mentioned
already.

Finally, it is possible to make also the plots which show
the dependence on v for various values of x4 with d fixed.
If v is increased at constant w, supposing that A is fixed,
then the unreduced x4 and 7, increase at constant «,/ 7o,
and therefore the unreduced p and % decrease at constant
p/h (with the unreduced d fixed). However, such a

Macromolecules

variation of the parameters leads to no salient and sys-
tematic change of the plots, and therefore we do not show
them.

Conclusion

We have presented the useful empirical formula for the
translational friction and diffusion (or sedimentation)
coefficients of helical wormlike cylinders on the basis of
the theoretical values evaluated by the Oseen-Burgers
procedure with the preaveraged Oseen tensor. The
analysis of the results shows that it is difficult to determine
the model parameters accurately from, for instance,
sedimentation coefficients alone, and especially that certain
stiff (helical wormlike) chains may exhibit the same de-
pendence of the sedimentation coefficient of the molecular
weight as flexible chains. Thus, a study of the intrinsic
viscosity and also other transport coefficients of helical
wormlike chains is required. It is then suggested that there
is a possibility of interpreting consistently some experi-
mental data for both the intrinsic viscosity and sedi-
mentation coefficient on the basis of the helical wormlike
chain even when the assumption of the random coil or of
the wormlike model fails.
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Molecular Weight and Carbon-14 Distributions of
Poly(2-alkylbutadienes) Obtained in the Presence of
Bis[ (w-crotyl-14C)nickel iodide]
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ABSTRACT: The MWD and “C distribution of poly(2-alkylbutadienes) obtained in the presence of bis-
[(w-crotyl-1*C)nickel iodide] in benzene solution has been studied. It is shown that both the polymer chain
length and the nature of the 2-alkyl substituent in polydiene play a decisive role in determining the dissociation
degree of dimeric =-allylic active sites. The correlation between MWD and the ratio of the monomeric species

of active sites to the dimeric ones is established.

In our previous study! we suggested that the mode of
MWD of polybutadienes formed in the presence of bis-
{(w-crotylnickel iodide) is determined not only by the
“living” chain mechanism operative in this reaction but
also by the recombination effects observed during the
deactivation of active sites. The recombination itself is
dictated, first, by the w-allylic nature of active sites and,
second, by their dimeric state. The growth of the mo-
lecular weight of “living” macromolecules should favor ever
increasing dimer—-monomer dissociation.

The importance of the investigations of diolefine
transformations catalyzed by allylic systems to the un-

0024-9297/79/2212-0038%01.00,/0

derstanding of the ionic coordination catalysis encouraged
us to study the polymerization of 2-alkylbutadiene ho-
mologues whose behavior in these reactions was found to
have some important distinguishing features.?

Experimental Section

The experimental procedure used was previously described.!
2-Ethyl- and 2-isopropylbutadienes were prepared by pyrolysis
of the corresponding 2-alkyl-3-acetoxy-1-butenes.®> Polymerization
of isoprene was carried out in a 3.0-L stainless steel autoclave at
40 °C. Polymerization of 2-ethyl- and 2-isopropylbutadienes was
conducted in glass ampules at 20 °C. The number-average
molecular weights of polymers and also of adducts of 7-crotylnickel
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