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It is expected that the observed shape of the loss curve
will be explained by taking account of an appropriate cor-
relation among dipoles in the near future.

Conclusion

Dielectric dispersion of poly(p-chlorostyrene) in dilute
solution can be attributed to a local conformational transi-
tion of the chain backbone, which is either a crankshaft
transition or a transition in which rotation of a few mono-
mer units between two simultaneously rotating bonds is ac-
companied by a slight translation of one of the two bonds
relative to the other. The relaxation process can be inter-
preted by the Kramers theory of the rate constant for the
transition and evidence is presented which shows that
Stokes law is applicable to the friction for the chain mo-
tion. The theory gives an adequate explanation not only to
the dependence of the relaxation time observed on solvent
viscosity and temperature, but also to the magnitude of the
relaxation time.
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Frictional Properties of Dilute Block-Copolymer
Solutions and Homopolymer Solutions. Application

to Molecular Weight Determination

Francis W, Wang
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ABSTRACT: An equation for the translational diffusion coefficient of block copolymers in dilute solution has been
obtained by modifying Zimm’s equation for homopolymers to take into account the existence of dissimilar seg-
ments in block copolymers. Illustrative calculations for homopolymers and block copolymers have been made and
the results for homopolymers have been compared with experiments and with the calculations of Yamakawa and
Fujii. A procedure has been proposed to determine the molecular weight of a block copolymer from measurements
of its limiting viscosity number and its sedimentation coefficient or translational diffusion coefficient.

I. Introduction

There has been much interest in the dynamics of block
copolymers. For example, Hall and DeWames,! Shen and
Hansen,? Stockmayer and Kennedy,®> and Wang and Di-
Marzio* have all discussed the dynamics of free-draining
block copolymers. In a previous paper® hereafter referred

to as paper I, we have discussed the viscoelasticity of block
copolymers in dilute solution. In this work, we generalize
the bead-spring model theory of Zimm® to obtain an equa-
tion for the translational diffusion coefficient of block co-
polymers in dilute solution. Applications of the equation
thus obtained to homopolymers and block copolymers in
dilute solution are then presented. Finally, we discuss the
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application of the Mandelkern-Flory—-Scheraga equation?2
to the determination of the molecular weight of block co-
polymers.

II. Theory and Method of Calculation

The representation of the A-B—C type linear block-co-
polymer molecule by a bead-spring model has been dis-
cussed in detail in paper I. Here, we describe briefly the
bead-spring model in order to introduce the notations. The
block-copolymer molecule is represented as a chain of N
Hookean springs joining N + 1 beads with complete flexi-
bility at each bead. The solvent is treated as a hydrody-
namic continuum with a viscosity n. The A block is repre-
sented by a chain of (N, — 1) springs joining N, beads,
each of which is characterized by the translational friction
constant p,. The force constant of each of the springs is
3kT/b,2, where b,? is its mean-square length, and k and T
are the Boltzman constant and the absolute temperature.
The symbols Ny, N, pb, o¢, bp, and b, are similarly defined
for the B and C blocks. The beads of the model for the A
block are numbered serially from 0 to (N, — 1), corre-
spondingly from N, to (N, + Ny — 1) for the B block and
from (N, + Np) to N for the C block. The last bead of the
A block (j = N, — 1) and the first bead of the B block (j =
N,) are connected by free joints to the ends of a spring
whose root-mean-square length b,y is given by b2 = (b,2
+ byp2)/2. Finally, the bead-spring model for the block-co-
polymer molecule as a whole is formed by connecting with
free joints the last bead of the B block (j = N, + Ny, — 1)
and the first bead of the C block (j = N, + Ny) to the ends
of a spring of root-mean-square length by, which is defined
in the same manner as b ,.

In paper I, we have introduced the matrices A and H of
order (N + 1) and have shown that the viscoelastic proper-
ties of block-copolymer molecules in dilute solution are de-
termined by the nonzero eigenvalues \p (k= 1,2,..., N)
of the matrix H-A. The elements of H are given by

Hjj = p/p; (1a)
Hp=pTp =k (1b)

where p is an arbitrary friction constant, p; is the transla-
tional friction consatant of the jth bead, and the interac-
tion coefficients Tj;, are given by

Tjk - [(67r3)1/2n<Rjk2)1/2]—1 (2)

with (Rj:?) the mean-square distance between the jth and
the kth beads. The nonzero elements of the tridiagonal ma-
trix A are defined forj = 0,1, 2, ..., N as follows:

Aok = k1dor — R1d1x (3a)
Ajr = —kjdj_1p + (kj + Rjx1)6jx — kj+10j+16  (8b)
forl<sj<(N-1)
Ane = —kNON-1k + RNON K (3c)
where k; is given by
kj = b2/b;2 4)

Here, b;? is the mean-square length of the spring between
the (j — 1)th and the jth beads, and b2 is the mean-square
length of an arbitrary spring. For the case of a homopoly-
mer with p, = pp = p. = p and b, = by, = b, = b, the matri-
ces A and H reintroduced here become identical with A
and H given by Zimm.? It is shown in paper I that the lim-
iting viscosity number [7] for a block copolymer is given by

[n] = ®(L3/M) (5)

Macromolecules
with

& = (#3/3)/2NhN-2 [ § (UM)] [ z
k=1

—-3/2
(N, j/Nkj)]
J=ab,c

(8)
where M and L are the molecular weight and the root-
mean-square length of the block copolymer, Ny is Avoga-

dro’s number, and k is defined as
h = NY2p[(12x3)1/2py] 1 )]

In paper I, we have shown that the equations of motion
of a block copolymer are identical in form with the equa-
tions obtained by Zimm® for a homopolymer, with H, A, b,
and p defined in paper I and here replacing the very same
symbols (H, A, b, and p) defined differently by Zimm.
Since the diffusion equation for the distribution function
of the coordinates of the beads is obtained® by combining
the equations of motion and the equation of continuity, the
diffusion equation for a block copolymer is again identical
in form with the diffusion equation for a homopolymer.
Thus, in the manner described by Zimm® for a homopoly-
mer, we can show that the translational diffusion coeffi-
cient for a block copolymer is given by

Dy = kT(PyL)~! (8)
with

1/2
pri=N| = ik | x

j=ab,

[(1213)1/% P> (H-l)l-j]_l ©)
i

where (H™1);; are the elements of the inverse of H.
Eliminating L from eq 5 and 8 we obtain the Mandelk-
ern-Flory-Scheraga constant’ for a block copolymer as

FL3p-1 = Dt[ﬂ]1/3M1/3n/kT (10)

Alternatively, ®/3P~! may be determined from the rela-
tion®

$13P~1 = Noso[n]/3M~2/3(1 — pp*)~15 (11)

where p* is the density of the solvent, sg is the sedimenta-
tion coefficient of the block copolymer at infinite dilution
and under 1 atm, and  is the partial specific volume of the
block copolymer.

II1. Evaluation of Parameters

The procedure for the evaluation of the parameters that
appear in our theory is identical with that described in
paper I, so we shall write down the procedure with a mini-
mum of comment. We shall use the subscript v (v = a, b, ¢)
to designate the properties associated with the V block (V
=A,B,C).

We divide the V block whose contour length is L., into
N, equal segments of contour length L. *, and replace each
segment, as far as its hydrodynamic properties are con-
cerned, by a bead located at its center. These beads are
then connected by (N, — 1) springs which represent the
elastic properties of the V block. The root-mean-square
length of a spring must then equal the root-mean-square
length of the V block between neighboring segment cen-
ters, which is two half-segments or one whole segment, and
is denoted by by. The mean-square length of the equivalent
bead-spring model for the V block is then (N, — 1)b,2,
while the mean-square length of the V block as a whole,
L.?, is given by

L= Nyb? (12)
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Table 1
Values of the Coefficient P-!, the Flory—Fox Constant ¢, and the Mandelkern—Flory—Scheraga Constant !/ P!
Calculated from the Zimm Theory?

(DHBP -1
D, 107 cm/g”3

P! from P! from 102°* ml/g from eq

dplby L/by L.*/by N h/N? eq 9 ref 9 from eq 6 6 and 9
0.022 114 5.72 19 0.16 0.217 0.223 1.81 1.23
0.022 476 4.76 99 0.16 0.204 0.209 2.20 1.23
0.022 510 5.10 99 0.16 0.204 0.208 2.21 1.23
0.022 9080 90.8 99 0.23 0.194 0.198 2.64 1.24
0.03 100 1.00 99 0.12 0.215 0.222 1.90 1.23
0.03 400 4.00 99 0.16 0.204 0.208 2.21 1.23
0.03 400 8.00 49 0.18 0.204 0.208 2.20 1.23
0.03 10000 100.0 99 0.23 0.187 0.192 2.66 1.20
0.60 400 4.00 99 0.31 0.193 0.198 3.07 1.30

2 Symbols employed are defined in the text.

Table II
Values of the Coefficient P-!, the Flory—Fox Constant @, and the Mandelkern—Flory—Scheraga Constant &' 7P~
Calculated from the Zimm Theory?

(I)l/sp—1’
D, 107 em/g'’?

) P-! from 10%*ml/g from eq

Polymer M x107? L /by L.*/by N h/N''? eq 9 fromeg6 6and?9
cis-1,4-Polyisoprene 281 2320 21.4 107 0.29 0.189 2.95 1.26
Polystyrene 860 1110 10.3 107 0.29 0.189 2.93 1.26
265 343 3.4 100 0.30 0.188 3.00 1.26
77 100 1.0 99 0.34 0.186 3.19 1.27
39 50 1.0 49 0.34 0.183 3.26 1.26

4 Symbols employed are defined in the text. The values of dp/bg for polystyrene and polyisoprene are 0.50 and 0.65, re-
spectively. The values of d /bk, C/bk, L */by, and h/NV'? have been calculated with the use of the homopolymer propertles

at theta temperature that are given in Table I of paper 1.

since the V block contains N, segments.

The friction constant p, of a bead from the model for the
V block must be equal to the friction constant of the seg-
ment represented by the bead. The latter friction constant
is calculated in this work by the Yamakawa-Fujii formula®
for wormlike chains of contour length L..*. Their formula,
which is given by eq 49 to 52 of ref 9, expresses the friction
constant of a wormlike chain as a function of its contour
length, its Kuhn statistical segment length bg., its cross-
sectional diameter dy, and the solvent viscosity.

As in paper I, we have distributed (N + 1) beads among
the models for the blocks by imposing the condition that
the values of L..*/bk, for different blocks are nearly the
same. Having selected the number of beads for each block,
and hence the segment contour length for each block, we
can fix the values for b, and p, by using eq 12 and the
Yamakawa-Fujii formula,® respectively.

IV. Results and Discussion

In order to illustrate the applications of our theory, we
present in this section the frictional properties predicted
by our theory for some homopolymers and block copoly-
mers in dilute solution. The eigenvalues A, have been cal-
culated numerically in the manner described in paper I.
The inverse of H has been calculated numerically by using
a routine!® which first applies triangular decomposition to
H.

1. Homopolymer. For the special case of a homopoly-
mer, all the beads and the springs are characterized by the
same friction constant and the same root-mean-square
length. In this case, our theory reduces to the Zimm theory®
and we may drop the subscripts v altogether. Tables I and
II give, for some homopolymers, the values of P~1, &, and
$1/3P~1 calculated from the Zimm theory. In the prepara-

tion of Table II, we have taken from Table I of paper I the
properties of polystyrene and cis-1,4-polyisoprene in theta
solvents.

In our previous work!! on the evaluation of hydrodynam-
ic interaction, we have shown that the values of the Flory-
Fox constant predicted by the Zimm theory agree well with
those predicted by the Yamakawa—-Fujii'? theory of the
limiting viscosity number of wormlike chains. We see in
Table I that the values of P! calculated from the Zimm
theory differ by less than 3% from those calculated from
the Yamakawa-Fujii theory® of the translational friction
constant of wormlike chains. Thus, for the limiting viscosi-
ty number and the translational friction constant at the
very least, we have demonstrated the reasonableness of the
way we apply the Zimm theory to wormlike chains whose
value of h/N'/2 are not necessarily near 0.25.

For the chain in Table I with d, = 0.03b; and L. =
400bg, we have calculated P~! from eq 9 by assuming two
values of N. It is seen here that the value of P~! predicted
by the Zimm theory is not sensitive to the exact choice of
N. For the chains with d, = 0.03b,, Table I shows that the
value of ®/3P~! changes only slightly when the length of
the chain, L, increases by a factor of 100, although there is
a dependence of P~! and & on the chain length. Table I
also shows that the increase in dp/by from 0.03 to 0.60 has
only a small effect on the value of $1/3P~1,

Yamakawa and Fujii® have obtained estimates of by, =
1300 A and d, =25 A for deoxyribonucleic acid (DNA) in
0.2 M aqueous solution of NaCl by an analysis of the mo-
lecular weight dependence of its sedimentation coefficient.
If we use their estimates, the value of d, for DNA is
0.022b,. We see in the first four rows of Table I that a rep-
resentative value of ®3P-! calculated from the Zimm
theory for long DNA-like chains with d, = 0.022b; is 1.23
X 107 cm/gt/3, This value is in good agreement with the ex-
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Table I1I
Calculated Values of the Coefficient P!, the Flory—Fox
Constant ®, and the Mandelkern—Flory—Scheraga Constant
®!/3p1 for Poly(styrene-b-methyl methacrylate)
in Cyclohexanol at 81°C#

o, PP,
P-'from 10?3 107

Polymers N, N, N, eq 9 ml/g cm/g'’?
St-MM-St 22 64 22 0.182 2.90 1.21
MM-St-MM 32 44 32 0.191 3.08 1.29
St-MM-MM 44 32 32 0.198 3.10 1.34

4 Symbols employed are defined in the text. The values of
N, p/n, b, and h/N"?are 107, 360 A, 67 A, and 0.28, re-
spectively. The values of p/p, and b?/b,* (v = a, b, ¢) are
1.36 and 2.11 for the poly(methyl methacrylate) block.
The values of p/p, and b?/by* are both unity for the poly-
styrene block. The value of Loy */byy is 12.6 for both the
polystyrene block and the poly(methyl methacryalte)
block.

Table IV
Calculated Values of the Coefficient P!, the Flory~Fox
Constant @, and the Mandelkern—Flory—Scheraga Constant
&3P -1 for Poly(styrene-b-cis-1,4-isoprene) in Methyl
Isobutyl Ketone at 35°Ca

q), @1/3}:;-1,
P from 10%3 107
Polymers N, N  Ng eq 9 ml/g cm/g!’?
St-Ip-St 18 73 17 0.174 3.01 1.16
Ip-St-Ip 36 35 37 0.180 3.25 1.23
St-Ip-Ip 35 36 37 0.196 3.36 1.36
St-Iplp 18 18 19 0197
St-Ip-Ip 54 27 27 0.191 3.24 1.31
St-Ip-Ip 22 43 43 0.198 3.33 1.37
St-Ip-Ip 11 48 49 0.196 3.16 1.33

4 Symbols employed are defined in the text. The values of
N, p/n, b, and h/N"'?are 107, 410 &, 75 A, and 0.28,
respectively. The values of p/p, and b?/b,* (v = a, b, ¢) are
1.97 and 4.22 for the cis-1,4-polyisoprene block. The
values of p/py and b*/by? are both unity for the polystyrene
block. The value of Lo, */ky is 15.9 for the polystyrene
block and the cis-1,4-polyisoprene block.

perimental value of 1.1 X 107 ¢cm/g!/3 found by Eigner and
Doty?!3 for DNA in the limit of high molecular weight.

Table II shows that the calculated value of P! for flexi-
ble polymers is practically constant over a wide range of
molecular weight, The average value of 0.187 agrees well
with the experimental average of value of 0.200 obtained by
Mandelkern et al.}4 for polyisobutylene fractions in cyclo-
hexane. Previously, Zimm® has given 0.192 as the value of
P~1 for the non-free-draining limit of his theory. The cal-
culated value of ®13P-1 is 1.26 X 107 cm/g!3, in good
agreement with the average experimental value of 1.16 X
107 cm/g!/® reported by Flory.1%

2. Block Copolymer. We shall use the symbols St, MM,
and Ip to designate respectively the polystyrene block, the
poly(methyl methacrylate) block, and the cis-1,4-polyiso-
prene block. For example, ABA poly(styrene-b-cis-1,4-iso-
prene), a block copolymer consisting of one block of cis-
1,4-polyisoprene in between two blocks of polystyrene, will
be designated as St-Ip-St. Tables III and IV give the values
of P~1, &, and ®¥/3P~! calculated for poly(styrene-b-meth-
yl methacrylate) in cyclohexanol at 81.0°C and for poly-
(styrene-b-cis-1,4-isoprene) in methyl isobutyl ketone at
35°C. Cyclohexanol at 81.0°C is nearly a theta solvent for
polystyrene and poly(methyl methacrylate),'® and so is
methyl isobutyl ketone at 35°C for polystyrene and cis-
1,4-polyisoprene.l” We have therefore used, in the evalua-
tion of the bead-spring model parameters for block copoly-
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mers, the homopolymer properties at theta temperatures
that are given in Table I of paper L

The block copolymers of Table III differ from one anoth-
er only in structure; they have the same composition and
the same number of skeletal carbon atoms. A small depen-
dence of P71, &, and ®/3P~! on the structure is evident
from Table III. Similarly, the first three block copolymers
of Table IV differ from one another only in structure. We
see again, for these block copolymers, a small dependence
of P71, &, and #1/3P~! on the arrangement of the blocks.
The third and the fourth polymers of Table IV are diblock
copolymers of the same composition but different molecu-
lar weight. Their values of P~! serve to illustrate that the
value of P~ for a block copolymer of a given structure and
composition is independent of the chain length. The third
polymer and the last three polymers of Table IV are di-
block copolymers of different composition and different
number of skeletal carbon atoms. It is seen that the values
of ®13P~1 for these diblock copolymers differ from one an-
other by less than 5%. Thus, the value of /3P~ for di-
block copolymers is not very sensitive to the composition.

3. Application to Molecular Weight Determination.
The Mandelkern-Flory-Scheraga equation, eq 11 above,
has often been used to obtain approximate values of molec-
ular weight from measurements of s¢ and [»]. For example,
Gratzer and Doty!® have used eq 11 with a value of 1.16 X
107 em/gl/3 for ®1/3P~1 to estimate the molecular weight of
a block copolymer consisting of a central helical block of
poly(L-alanine) and two flanking blocks of poly(D,L-glu-
tamic) acid. Eigner and Doty!? have also suggested the de-
termination of DNA molecular weight from eq 11 with an
empirical value of ®/3P~! close to 1.16X 107 cm/gl/3 at
both high and low molecular weights but somewhat larger
at intermediate molecular weights. For diblock copolymers
St-Ip-Ip, the calculated values of ®1/3P~1 have been shown
in the last column of Table IV to be rather insensitive to
composition, Therefore, we can use the experimental
values of ®1/3P~1 at several compositions to determine by
interpolation the value of ®1/3P~! for a given composition.
The molecular weight of St-Ip-Ip with that composition
can then be determined from measurements of sg and [y],
together with the interpolated value of ®/3P~1. The molec-
ular weights of symmetric triblock copolymers Ip-St-Ip or
St-Ip-St may also be determined in the manner described
for diblock copolymers St-Ip-Ip. The procedure described
above should also be applicable to other flexible block co-
polymers.

Alternatively, we can use the Mandelkern-Flory equa-
tion, eq 10, to obtain values of molecular weight from mea-
surements of D, and [n]. Since the development of tech-
niques for measurement of line widths of scattered light!?
has made translational diffusion a relatively rapid experi-
ment, eq 10 may become preferable to eq 11 for the deter-
mination of molecular weight.

V. Concluding Remarks

We have obtained an equation for the translational dif-
fusion coefficient of block copolymers in dilute solution by
generalizing the equation obtained by Zimm® for homo-
polymers. For homopolymers, we have shown that the
values of P~! and &'/3P~1 calculated from the bead-spring
model theory of Zimm® agree well with the calculations of
Yamakawa and Fujii® as well as with experiments, if the
hydrodynamic interaction parameter h is evaluated in the
manner described by Wang and Zimm.>!120 Since, for a
given type of block copolymer, say, the block copolymer of
styrene and cis-1,4-isoprene, the dependence of the pre-
dicted Mandelkern-Flory-Scheraga constant #/3P~! on
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structure and composition is not very pronounced, we have
proposed a procedure to determine the molecular weight of
a block copolymer from measurements of its limiting vis-
cosity number and its sedimentation coefficient (or transla-
tional diffusion coefficient) together with the interpolated
value of ®1/3P~1,
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ABSTRACT: The pressure dependence of the upper critical solution temperature (ucst) and the lower critical solu-
tion temperature (lest) in solutions of polystyrene in tert-butyl acetate and diethyl ether has been determined over
the pressure range 0 to ~50 atm. The values of (d7/dP). for the ucst and lest over the molecular weight range of
M, X 10~ = 67 to ~345 in the polystyrene-tert-butyl acetate system depend on the molecular weight of the poly-
mer and are negative (—0.110 to —0.175 deg atm™!) for the ucst and positive (0.65-0.68 deg atm™!) for the lcst,
while the values of (d7/dP). for the solution of polystyrene of My, X 10~% = 2.04 in diethyl ether are negative
(—0.24 deg atm™!) for the ucst and positive (0.62 deg atm™!) for the lcst. The pressure dependence of the Flory or
theta temperatures in the polystyrene—tert-butyl acetate system evaluated in the neighborhood of 0 atm are —0.30
deg atm™! for #, and 0.70 deg atm™! for 8;, where the 6, and 6| are the 8 temperature for the ucst and lest. The ob-
served behavior of the pressure dependence of the ucst and lcst in polystyrene solutions is qualitatively predicted
by the Patterson-Delmas theory of corresponding states and the newer Flory theory of polymer solution thermody-

namics through the expression for the x; parameter.

The importance of the phase diagram (P, 7, composi-
tion) over a wide range of temperature and pressurel-? has
been recognized for nonpolar polymer solutions*-1! after
the discovery of the lest in nonpolar polymer solutions.!?
As is well known, the cloud point curves characterized by
the ucst and lcst for the (7, composition) phase diagram
under the saturated vapor pressure behave like mirror im-
ages across the temperature axis of the intermediate region
between the ucst and lest.!3-18 In the (P, composition)
phase diagram at constant temperature the cloud point
curves in the polymer solution are classified into two types
by the shape of the cloud point curve on the pressure—com-
position plot. One is characterized by the existence of a
maximum pressure, the other by a minimum one. For solu-
tions of polymers with a very narrow molecular weight dis-
tribution, the maximum pressure corresponds to the upper
critical solution pressure (ucsp) and the minimum pressure
to a lower critical solution pressure (lesp), as discussed by
Ehrlich and Kurpen®?2 for solutions of polyethylene in n-
alkanes. A critical condition in the (P, 7, composition)
phase diagram is completely determined by the critical so-
lution temperature and critical solution pressure, i.e., the
(P, T) critical line of the polymer solution.?-3:5-11 The ther-
modynamic conditions for the ucsp observed in either sys-
tem with a positive value of (d7/dP). for the lest and a
negative value of (d7/dP). for the ucst is a negative excess
volume of mixing and corresponds to an increase of the
polymer-solvent compatibility with an increase of pressure

at constant temperature. The condition for the lcsp ob-
served in either system with a negative value of (d7T/dP).
for the lcst or a positive value of (dT/dP), for the ucst is a
positive excess volume of mixing and corresponds to the
decrease of the polymer—solvent compatibility with an in-
crease of pressure.l-3

Investigation of the excess volume of mixing!9-27 and the
pressure effect on the thermodynamic properties of poly-
mer solutions, such as the second virial coefficient28-3° or
the x; parameter, the mean square end-to-end distance
of polymer in the dilute solution,28-3% and the ucst and
lest,*11 are of importance in the characterization of poly-
mer solutions. The determination of the (P, T') critical line
is also of great importance in connection with the pressure
and temperature coefficients of the unperturbed mean-
square end-to-end distance of polymer chains in dilute so-
lution.3?

In this work we supply the (P, T, composition) phase di-
agram over the middle pressure range of 0 to ~50 atm in
the vicinity of the ucst and lest for solutions of polystyrene
in tert-butyl acetate and diethyl ether. We also examine
the experimental values of (dT/dP). in the light of the re-
cent theories of polymer solution thermodynamics of Pat-
terson and Flory.

Experimental Section

Polystyrene samples were obtained from the Pressure Chemical
Co. Samples designated by 14b-1, 14b-2, and 14b-3 were obtained



