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ABSTRACT: The dilute solution properties observed by dynamic light scattering spectroscopy at 25 °C
are reported for a styrene-butadiene (SB) diblock copolymer (M,, = 9.73 X 104, a styrene content of 29.3
wt %) in n-decane, a selective solvent to the B subchain. A double-step transition of the diffusion coeffi-
cient is assured as a function of the polymer concentration in the range from 1 X 1076 t0 7.24 X 1073 g cm™3.
The SB diblock copolymer is able to disperse molecularly only at an extremely dilute concentration of ¢ <
3.8 X 10~¢ g cm™3, while at a relatively dilute concentration of ¢ > 1.1 X 10~4 g cm=3 the copolymer forms
near-monodisperse micelles. The micelles are an intermolecular association of 100 pieces of SB copolymers
and are constructed from a hard core of S subchains surrounded by swollen B subchains. The micellar size
analyzed with a “two-phase” concentric sphere model indicates that the core radius is 10.2 nm, the shell
thickness is 33.3 nm, and the apparent radius of gyration of the micelle as a whole is 33.8 nm; the B sub-
chains are in a highly extended state in the shell. Moreover, the micelle shows internal motions which
might be mainly due to the relative center-of-mass motion of the B subchains with respect to the S sub-
chains in the micellar particle, i.e., due especially to the concentration fluctuation taking place in the shell.
The concentration fluctuation may be caused by high chain flexibility of B subchains which swell highly in

the shell.

I. Introduction

In dilute solutions of selective solvents, diblock copol-
ymers form micelles (the intermolecular association) due
to the different solubility of the component subchains to
the solvents,!® and the micellar formations have been

_investigated mainly!-5 by light scattering, viscometry, sed-
imentation, and small-angle X-ray scattering and part-
ly® by dynamic light scattering. Generally, the micelles
in dilute solutions are considered to be of spherical shape
and are rather compact. On the other hand, there should
be a particle state where the diblock copolymers dis-
perse in solution molecularly. Since a critical micellar
concentration (cmc) has been detected experimentally in
the micellization of both soaps and ionic and nonionic
surfactants,” the single copolymer molecule would be
expected to be in such a closed association type of mi-
cellization® as is characterized by an equilibrium between
a molecularly dispersed copolymer and associations of N
pieces of copolymers. It was examined theoretically for
the diblock copolymers®1© that the molecular dispersion
and the pronounced microphase segregation in the sin-
gle molecule can take place only in selective solvents in
a very dilute solution. Experimentally, however, there
is little evidence that the diblock copolymer disperses
molecularly in selective solvents. The reason is that, in
most cases, the concentration dependences of measured
values did not exhibit any major anomalies within the
dilute concentration region studied, and the character-
istic values were obtained by the simple extrapolation of
the data to “infinite dilution™. An exception is the results
reported by Plestil and Baldriant through sedimenta-
tion velocity measurements for a styrene~butadiene (SB)
diblock copolymer (M, = 6.5 X 104) in n-heptane (selec-
tive to PB), where two types of particles coexist in the
concentration range 5.4 X 10-3-3.83 X 1072 g em™3: micelles
and single molecule. It is interesting to note here that
the two types of particles were also observed through sed-
imentation velocity measurements for SBS triblock copol-
ymers in methyl ethyl ketone (selective to PS)!! and in
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mixed solvents, dioxane/ethanol (selective to PS)!2 or
THF/allyl alcohol (selective to PS).13

In a previous paper,'42 the dynamical properties (trans-
lational diffusions and intrinsic viscosity) of a SB diblock
copolymer (My, = 9.73 X 10%) in n-decane (selective sol-
vent of PB) were observed at 25 °C in the extremely dilute
polymer concentration ranging from 1 X 1078 to 5.7 X
10~* g cm™3. The first cumulants (the decay rates of the
autocorrelation functions) in dynamic light scattering
I'(g,c), which were measured as functions of the scatter-
ing vector ¢ (g = (47no/No) sin (6/2)) and the polymer
mass concentration ¢, exhibited anomalies in their con-
centration dependences. The I'(g,c) vs ¢ curves became
discontinuous twice around ¢; = 3.8 X 108 and ¢, = 1.1
X 104 g cm3, and the extrapolations of I'(g,c) to “infi-
nite dilution” did not give the sole way but ramified into
a few branches, depending on the concentration regions
to be treated. The diffusion coefficients determined by
I'(g,c) values at ¢ = 0 showed a double-step transition
as a function of ¢, accordingly. In extremely dilute solu-
tions of ¢ < 3.8 X 1076 g cm™3 (region I), the SB diblock
copolymer was found to disperse molecularly, while in
relative dilute solutions of ¢ > 1.1 X 10~* g cm (region
1IT) there was strong indication that the copolymer forms
micelles. Coexistence of these two types of particles was
never detected within the concentration region exam-
ined.

In this paper, the previously studied diblock copolymer/
selective solvent system!4s SB/n-decane is used. By
dynamic light scattering, the hydrodynamical behavior
of this system is investigated in a usual dilute solution
region, i.e., in a higher polymer concentration region than
that examined previously (extending from 2.1 X 104 to
7.24 X 1072 g cm™3 and constituting the previously men-
tioned concentration region III). The purpose of the
present study is thus to examine in more detail the g
and ¢ dependences of I'(g,c) and to complete the double-
step transition behavior of the diffusion coefficient D(c)
(=T'(g=0,c)/q?) as a function of ¢ in the wide range ¢ =
1 X 106-7.24 X 10-3 g cm-3.15 The simple extrapolation

© 1990 American Chemical Society



2964 Tsunashima

of D{(c) to ¢ = 0 within the concentration region III sig-
nifies the translational diffusion coefficient of the micelles
as a whole. The micellar size deduced from the D(c=0)
value gives information about the microstructure of
micelles, which structure is discussed in some detail with
a “two-phase” spherical model. On the other hand, the
behavior of T'(g,c) at larger ¢ and ¢ implies existence of
new intramolecular motions in the micellar particle. The
motions might come mainly from the relative center-of-
mass motion of the outer part (the shell) of swollen B
subchains with respect to the inner compact core of col-
lapsed S subchains, which is also inspected.

II. Experimental Section

Materials. A monodisperse diblock copolymer sample of sty-
rene (S) and butadiene (B), coded as SB1, was used for the
present studies. The sample has been characterized previously
in detail;14e its weight-average molecular weight M, and the
styrene content were 9.73 X 104 and 29.3 wt %, respectively. A
solvent used was n-decane, which is good and selective for B
subchains but is a precipitant for S subchains. Its purity was
also checked previously:14a the refractive index no (488 nm)
1.4111, the density d = 0.726 25 g cm™3, and the viscosity no
0.8543 X 10~2 g cm~! 571 at 25 °C,

Preparation of Sample Solutions. An original solution was
first prepared as follows: Weighed amounts of freeze-dried SB1
and n-decane were sealed in a dust-free test tube under N, atmo-
sphere and then heated at ca. 50 °C for a few days until a homo-
geneous solution opalescent to clear light appeared, after which
treatment the solution retained its scattering intensity unchanged.
Next, sample solutions of different polymer concentration were
made through dilution of the original solution in a nitrogen-
filled drybox: the desired amount of the original solution was
filtered into dust-free dynamic light scattering cells through a
Millipore filter of 0.45-um pore size and was mixed with the
desired amount of n-decane which was put in advance into the
cells through a 0.22-um Millipore filter. Finally, the mixed solu-

" tions were heated again overnight at ca. 50 °C. Here the dust-
free cells were prepared with a modified Thurmond glass still, 34
in which still filtered methanol was refluxed continuously and
the cells were rinsed repeatedly by the flushly distilled metha-
nol.

Methods. The normalized autocorrelation functions A(r) of
the scattered light (V, component) from the solutions were mea-
sured at 25 °C on our laboratory-made 512-channel time-inter-
val correlator with a 488-nm single line emitted from an eta-
lon-equipped argon ion laser.}4® The correlator counts with a
time interval digitizer the time intervals between neighboring
pulses in an input pulse train of the scattered light.14p The
scattering angles measured were six fixed angles of 10°, 30°,
60°, 90°, 120°, and 150°. The sample cells were selected preci-
sion-cylinder NMR tubes of 12-mm¢ outer diameter (inner diam-
eter = 11 mmg). Optical alignment at § = 10° with the cells
gave an error of £2.5% in the evaluation of the decay rate from
A(r). The analysis of the data was made with a weighted non-
linear least-squares algorithm on a FACOM M-380Q computer
in this institute. For solutions of polymer concentration lower
than 19.9 X 104 g cm™3, the decay rates I', which are equal to
the first cumulant, were estimated both by fitting the data to
single-exponential decay curves and by using the histogram
method of narrow unimodal distributions of the decay rate.l®
The T values thus estimated were consistent with each other
to within £2-3%. For solutions of polymer concentration equal
to or higher than 44.7 X 104 g cm™3, the decay rates at higher
angles were successfully estimated by using the histogram method
of broader unimodal distributions of the decay rate.

IT1. Results and Discussion

Profile of Autocorrelation Functions. All A(7)
curves for six solutions of mass concentration ¢ ranging
from 2.08 X 104 (S21) to 7.24 X 1073 g cm™3 (S724) were
single-exponential-type decays, except for two highest poly-
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Table I
Dynamic Characteristics for a Styrene-Butadiene Diblock
Copolymer in n-Decane at 25 °C in the Polymer
Concentration Region Denoted as Region 111

solution ¢, 104 108D, Ry, kp, variance,

code gcm™@ cm? g7t nm cm? gt ua/T?
S724 72.4 7.33+£0.08 34.8%0.4 0.045
S447 447 6.82+0.06 37.4+03 0.032
S199 199 631004 405%02 0.025
873 7.32 6.03+£0.03 42.4+0.2 0.026
S57 569 597+0.03 428+0.2 0.019
S21 2.08 590+0.04 43.3%+0.3 0.016
c—0 0.0 5.87+0.04° 435+03> 34.8+09

@ Obtained with the simple extrapolation of D(c) data in the present
concentration region to ¢ — 0. See eq 1. ¢ Calculated from Do by
using eq 2.
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Figure 1. Scattering angle () dependences of the first cumu-
lant T measured for a styrene-butadiene diblock copolymer SB1
in n-decane of four different polymer concentrations in dilute
solution region. The letters ff of solution code Sff represent
the polymer concentration expressed in a 10-5 g cm~3 unit; e.g.,
S73 denotes the solution of concentration 7.32 X 104 g cm™3,

mer concentration solutions of S447 and S§724 at higher
scattering angles. Here we retain the previous coding!4s
of these solutions Sff, ff representing the polymer mass
concentration expressed in 10-% g cm™3 units. The decay
rates I'(g,c) were estimated as functions of the scatter-
ing vector g and c, their normalized second moment (the
variance) resulting in 0.016-0.045 (Table I). The small
values of the variance at lower polymer concentration
solutions guaranteed that we observed a dynamic pro-
cess of particles composed of near-monodisperse sizes. It
may be worthwhile to note here that A(7) for solutions
S73 and for solutions of higher ¢ came to give wrong but
double-exponential types of decay curves unless the solu-
tions were prepared under careful heat treatment.
Extrapolation of T to Zero Scattering Vector and
to Infinite Dilution. At ¢ — 0, I'(¢=0,c) is put equal
to D(c)q2 with D(c) the diffusion coefficient at finite poly-
mer concentration ¢. Figure 1 shows the extrapolations
of I'(g,c) to ¢ = 0, where I'(g,c)/q? values at four poly-
mer concentrations of ¢ = 7.32 X 1074 (S73) to 7.24 X
103 g cm™3 (S724) are plotted against g2. The data at
each ¢ are well represented by straight lines 1-4 in Fig-
ure 1. It is interesting that the slopes are negative and
the absolute magnitudes of the slopes decrease with
decreasing ¢, reaching zero (i.e., I'(g,c) /¢ becoming con-
stant) at ¢ £ 7.32 X 10™* g em3 (873). Four lines (1-4)
cross each other around sin? (§/2) = 0.75 (# = 120°) accord-
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Figure 2. Diffusion coefficients D(c) plotted against the poly-
mer concentration ¢ (line 1) and the first cumulant extrapo-
lated to infinite dilution (I'/¢2).—o plotted against g2 (line 2)
for dilute solutions of SB1 in n-decane at 25 °C. The ordinate
for the latter is converted into the unit of the diffusion coeffi-
cient (cm? s71).

ingly. Consequently, at each constant g, I'(¢,q) /g2 comes
to show linear dependence against ¢, and the coefficient
decreases with increasing g, changing sign from positive
to negative, though the dependences are not illustrated
here. This change of sign in the slopes of the I'/¢2? vs ¢
plots resembles apparently the case of homopolymers in
good solvents.l” However the negative slopes in I'/q? vs
g2 plots (Figure 1) are in clear contrast to positive ones
for homopolymers in good!? and 618 solvents at usual
-dilute polymer concentrations. Constancy of I'(g,c)/q?
against g2 such as shown for S73 (line 1 in Figure 1) has
already been observed for solutions of lower ¢ (S21, S57),
illustrated in region Il of Figure 7 in previous work.14a
The constant behavior is characteristic of translation dif-
fusions and is ascribed to the translational diffusion motion
of near-monodipserse micellar particles as a whole. The
negative slopes in I'/¢% vs ¢2 and the decrease in I'/g?
with ¢ at larger g (Figure 1) might be related to internal
motions in the micellar particles. The detail will be dis-
cussed in later sections.

Four extrapolated values of T'/¢? to g = 0, i.e., D(c),
obtained in Figure 1 and two D(c) obtained previously
in region IIT!42 are tabulated in Table I and are plotted
against the polymer concentration in Figure 2 with a sym-
bol of unfilled circles. The D(c) values show good lin-
earity with ¢ as is represented by the solid straight line
1 in Figure 2. Assuming that the simple extrapolation
of the data to ¢ = 0 gives solution characteristics of the
SB diblock copolymer in the present concentration region
(region III),14812 we could represent the characteristics
with the translational diffusion coefficient at infinite dilu-
tion Dy and the concentration coefficient kp, which are
defined by

D(c) = Dy(1 +kye)  (region III) (D

The result was that Do = 5.87 X 108 em? 87! and kp =
34.8 cm® g 1. The equivalent hydrodynamic radius (Stokes
radius) Ry defined by

R, = kyT/(6mnD,) (region III) ©)

was also evaluated as Ry = 43.5 nm. These values are
listed in Table I. They represent the translational dif-
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Figure 3. Concentration-dependent double-step transition phe-
nomena of the translational diffusion coefficient D(c) mea-
sured for SB1 in n-decane at 25 °C. The solution that yielded
the data point in parentheses in region I was prepared in a dif-
ferent way: First, it was prepared according to the procedure
described in experiment, then filtered again through a 0.1-um
Millipore filter, and finally heated overnight at 50 °C. The con-
centrations c; and ¢, denote the crossover concentrations, where
the D(c) values become discontinuous and the differentiation
between the concentration regions I, I, and III is made. The
regions I, II, and III are referred to in the text.

fusion of micellar particles which are made of intermo-
lecular association between the SB copolymers, as men-
tioned above.

The simply linear extrapolations of I'(g,c)/g2toc =0
at constant g gave I'(g,c=0)/qg? values. The values are
plotted against g2 in Figure 2 with a symbol of squares.
They are independent of ¢2, as is represented by data-
fitted straight line 2, and I'(0,0)/sin2 (6/2) = 7820 s,
This value gives Dy = 5.92 X 108 cm? 571, which agrees
with the previous Dy value, 5.87 X 10-8 cm? 871, to within
0.8%.

Translational Diffusion Motions and the Transi-
tion Behavior of D. In order to make clear a connec-
tion between the D(c) data in a previous study4s and
those in the present one, six D(c) values obtained here
are plotted against the logarithmic concentration ¢ in Fig-
ure 3. The present data, obtained from region IIl, com-
plete the whole profile of a double-step transition behav-
ior of D(c) for the SB diblock copolymer in n-decane at
a concentration ranging widely from 1 X 1078 to 7.24 X
103 g cm™3. To our knowledge, it is the first observa-
tion of a transition in D(c) as a function ¢. The transi-
tion occurs at the concentrations ¢; and ¢z, which are ¢;
~ 3.8 X 108 and ¢z =~ 1.1 X 104 g cm™3, respectively. In
these crossover regions, the decay rate distributions G(T')
defined by the inverse Laplace transformation of A(7)
as'® A(7) = 1 + B[J;G(T) exp(-T'r) dT')2 were found to
be still unimodal (narrow), as is typically shown in Fig-
ure 4 for a solution S21 in region III, the solution con-
centration of which is very close to ¢o. The narrow uni-
modal distributions indicate that the particle changes its
molecular form drastically around c; or c..

In region I (¢ < ¢1) of Figure 3, the diffusion motion
occurs of the single SB molecule which disperses molec-
ularly with the intramolecularly collapsed S subchain (the
microphase segregation in the single molecule).1210 An
upturn in D{(c) would better conform to the picture of a
collapsed S subchain in these extremely dilute condi-
tions. In region II (¢; < ¢ < ¢32), the diffusion motion
occurs of a huge but loosely packed micelles which is
formed due to weak attractive interactions between inter-
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Figure 4. Decay rate distribution G(T') estimated from A(r)
for 821 solution at # = 60° by using the histogram method.
The mean decay rate was 1930 s7?, and the variance was 0.005.

molecular S chains of great numbers.!4* The numbers
cannot be ascertained at present for lack of available data,
but brief a discussion will be made in the Appendix. In
region III (¢ > ¢,), the compactly associated micelles (poly-
molecular micelles?) perform the translational diffusion
motion. The micelle is nearly monodisperse, as was guar-
anteed by the small values of the variance for A(7). It
has a hydrodynamic radius Ry = 43.5 nm (Table I). The
molecular weight of the micelle is 9.7 X 108, which was
determined by the intrinsic viscosity,4¢ and shows that
the micelle is constructed from 100 pieces of the SB copol-
ymers of which the S parts associate intermolecularly and
collapse to a hard core, while the B parts swell and cover
the core, forming the outer shell.

Anomalous concentration dependence of D(c), which
appears here as a double-step transition of D, may embody
a sense of the closed association proposed long ago by
Elias.t7® The existence of region I is an observation of
especial importance. In other words, micellization starts
to occur around ¢ = ¢;. This concentration is considered
to be the cmc for the present SB/n-decane solution sys-
tem. In this connection, it may be interesting to note
here a theoretical work on cmc behavior,?° though it treats
mixtures of AB diblock copolymers in melts of homopoly-
mer A.

Micellar Structure in Region III. As follows, a “two-
phase” concentric spheres description is pursued for anal-
ysis of the micellar structure; i.e., the micelle is described
by two concentric spheres of the total micellar radius R
and of core radius r. with uniform densities dg and d.
for the shell and the core parts, respectively. According
to an approach analogous to that used by Kerker et al.,2!
the particle scattering function P(g) and the apparent
radius of gyration Rg,app for the micellar particle com-
posed of the S core and the B shell can be expressed as
follows:

P(q) = [f(gR) + (r,/RY2f(gr)1*/(1 + (r/R)}*2)® (3)
R = (3/5)RY1 + (r/R)’2]/[1+ (r/R)*2]  (4)

f(x) = (3/x%)(sin x ~ x cos x) (5)
2 = (wgrg/wgrg) ~1=-2+1/(1~y) (6)
Y = wgrg/(wgrg + wyrg); wgtwg=1 (7

Here y is the weight-fraction refractive index increment
of the core (S) part with ws (or wg) and vg (or vg) the
weight fraction and the refractive index increment of the
core S (or the shell B) subchains, respectively. If the S
core has the same density as that in the bulk state, i.e.,
d. = 1.05 £ 0.2 g cm™3, the core radius of N pieces of S
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subchains r. can be estimated from the equation??

ro= [(NMpg/N,d )/ (4n[3)]'® = (7.23 % 0.05) X
10%(NMpg)/* nm (8)

where Mpg represents the weight-average molecular weight
of the S subchain in a single SB diblock copolymer and
N, the Avogadro number. With the experimental val-
ues N = 100 and Mps = 2.85 X 104, we obtained r, = 10.2
%+ 0.1 nm, which is equal to the hydrodynamic radius of
the core S part, Ry s. Insertion of the values r. = 10.2 +
0.1nm, R =Ry =435+ 0.3 nm, and y = 0.3778 (ws =
0.293; vg = 0.189, vg = 0.129 at 488 nm at 25 °C)!e into
eq 4 gave Rgapp = 33.8 £ 0.2 nm. For the present sys-
tem, we obtain the ratio Rg app/Ru = p = 0.78 accord-
ingly. The value conflicts with the usual one for linear
flexible homopolymers Rg > Ry (e.g., pexpu = 1.50)17 but
agrees with that for rigid spheres piheory = 0.775.22 This
result is conformable to the “two-phase” concentric sphere
description of the present system.

The PB density in the shell, if the density were assumed
to be uniform, was evaluated to be dg = 3.36 X 102 g
cm™ by using an equation similar to eq 84 as follows

(47 /3R> = (N/N)[(Mpg/d) + Mpg/dp)]  (9)

with Mpp = 6.88 X 104, d. = 1.05 g cm™3, and N = 100.
The small dg value indicates that the PB subchains are
fully extended in the shell. This situation is assessed as
follows. Assume that the shell is approximately com-
posed of N rays of the Gaussian B subchain of mean-
square radius of gyration Rg g2 The apparent radius of
gyration R, app has the relation,?? independent of N

R(;,app2 = (3/5)ry + (1 - ¥)Rgg,’ (10)

for N — «. Rgg,nt represents the mean-square inter-
chain dimension for B chains in the shell22

Repine = 4((3/4) + (r,/Dg)* + (1/37'))(r,/ Dp)[1 +
O'/%/14)(r,/Dg)}/ 11 + 2/ (r,/ Dp)|Rg5" (11
Dy = 2R (12)

Optimization of the Rg p value in eqs 10-12 with the val-
ues Rgapp = 33.8£ 0.2 nm, r, =102+ 0.1 nm,and y =
0.3778 gave the consistent Rg g value Dg = 2Rgp = 39.4
£ 0.6 nm. Since the unperturbed value of a single
homopolymer B chain R¢g homo is 8.8-11.0 nm,23 the expan-
sion factor ag defined by as = Rgs/RaB home becomes
2.3-1.8. The extremely large value of ag obtained for
such a low molecular weight chain as Mpp = 6.88 X 10¢
indicates that the B subchains are in a highly extended
state in the shell. In this stage, however, it should be
mentioned that the shell might be neither of concentric
spherical shape nor of uniform density since the shell
was found to fluctuate in the concentration of B chains,
as is revealed in later sections.

It is interesting to compare the micellar structure
revealed above with the result obtained by Plestil and
Baldrian.* They observed by small-angle X-ray scatter-
ing (SAXS) a micellar formation for the similar polymer/
solvent system to but at slightly higher concentration than
ours: a SB diblock copolymer (M, = 6.47 X 104, 24 wt
% PS) in n-heptane at the polymer concentration rang-
ing from 5.4 X 1073 t0 38.3 X 10~2 g cm3. The obtained
structure parameters of the micelles are N = 175, r, =
10.6 nm, Rgapp = 19.9 nm, and R = 27.6 nm. Similar
Rg,app values of 17.1-19.5 nm were also reported by Bluhm
and Whitmore2* with SAXS for SB diblock copolymers
of M = 7.7 X 104-10.55 X 10* (28.6-11.8 wt % PS) in
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Figure 5. Concentration coefficient of the first cumulant kr
plotted as a function of gRy for SB1 in n-decane at 25 °C.

n-heptane at the concentration 2 X 10-3-1 X 102 g cm=.

In addition, it is worthwhile to refer to the theoretical
predictions on N and r.. Let ps and pp be the degrees
of polymerization of S and B subchains in the SB copol-
ymer, respectively, Based on a two-phase concentric
spheres representation for micelles well past the cmc, i.e.,
for micelles composed of large numbers of N, the micel-
lar structures are classified into two types:?® one is the
case ps > pgm, where the insoluble core is much larger
than the soluble B part, and the other is the reverse, ps
<« pg. It may be reasonable for the former to assume a
uniform polymer density profile in both the core and the
shell parts of the micelle,28 but in the latter case the den-
sity in the shell may decrease with increasing the dis-
tance from the micellar center.2®> Both cases give the fol-
lowing scaling laws:24-26

for pg <« pg (ref 25)

N~ ps"/s; r,~ ps°a; R~ p54/25p33/5a (13-1)
for pg > py
N~ pg®® r o~ R~ plla®® roaplt¥  (13.9)

Here rg denotes the shell thickness and a a typical mono-
mer size. The prefactors in eq 13 are ignored? or expressed
by various parameters.26 Quantitative prediction from
these theoretical equations can be obtained only through
a numerical computation made under some assumptions
on the involved several parameters, which parameters con-
cern polymer—polymer or polymer-solvent interactions
and interfacial tension.?®6 However, elimination of pg in
eqs 13-1 and 13-2 gives the molecular weight indepen-
dent a value as a = r.N3/¢ and @ = r.N-2/3 = RN-2/3,
respectively. For the present system, the former rela-
tion predicted that a = 0.32 nm. This value is consis-
tent with @ = 0.24 nm which was calculated from the
third relation of eq 13-1, a >~ RN-1/5pp~3/5, with N =
100, Ry = 43.5 nm, and pg = Mpg/54.1 = 1270 (r. = 10.2
nm and Ps = Mps/104.1 = 274).

c and g Dependences of I'(g,c). On the analogy of
the concentration dependence of I'(g,c) for linear flexi-
ble chains in solution,?? we can use the following expres-
sion for the present diblock copolymer/n-decane solu-
tion system:

I'(g,c)/q* = [T(q,0)/q*][1 + kp(g)c] (14)

At ¢ — 0, eq 14 reduces to eq 1 with Dy and kp defined
by

D,=[I(0,0)/¢%; kp=k(g=0) (15)
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Figure 6. Concentration dependence of the coefficient C’(c)
appearing in the expansion of I'/g2 up to powers of g2 (eq 16)
for SB1 in n-decane at 25 °C. A relation C’(0) = C(Rg/Ry)?
holds between the usual coefficient C and the present one C’(0)
at ¢ = 0. A horizontal broken line at C’(0) = 0.114 represents
the value for regular star molecules of infinite numbers of rays.

The concentration coefficient kr may depend on inter-
actions between the component (especially B subchains)
segments belonging to different micelles and may also
depend on the component excluded volume, the struc-
ture factors, and the mobility of micelles. The kr val-
ues at given ¢ for the present solution system were eval-
uated from the data shown in Figure 1 and are plotted
against gRy in Figure 5. kr is constant at gRy < 0.15
but decreases sharply at gRy > 0.15 with increasing ¢Ry,
going down to negative values at larger gRy. Positive kr
at ¢Ry < 1.3 is attributed mainly to the positive kp (=34.8
cm? g 1) of the translational diffusion motion of the SB
copolymer micelles as a whole. Decrease of kr with increas-
ing gRu and negative kr at gRy > 1.3 may be related to
the appearance of new modes characteristic of copoly-
mer chain nature. The former (the decrease of kr at kr
> 0) might signal the combined influence of normal modes
of B subchains and the diblock copolymer mode. Here
the diblock copolymer mode means the relative center-
of-mass motion of B subchains (the shell) with respect
to the S core in the single micellar particle, particularly
the concentration fluctuation in the shell. However, the
latter (negative kr) might be due predominantly to the
diblock copolymer mode. This mode might induce attrac-
tive (negative) interactions between B subchains in dif-
ferent micelles. Recently, Benmouna et al.?® have pre-
dicted in their theoretical works on diblock copolymer
solutions that the mode due to the internal concentra-
tion fluctuations will show negative kr, while positive &r
is predicted to the mode of the translational diffusion of
the molecule as a whole.

On the T vs ¢ dependence, the following general expan-
sion of I'(g,c) in a power series of g2 is obtained?® for lin-
ear chains and for branched structure polymers in dilute
solution:

I'(g,c)/q* =D(c)[1 + CR¥(c)q? ...]
= D(c)[1 + C'(c)R,*(c)q” ...] (16)
C'(c) = C[Rg(c)/Rylc))® an
For ¢ — 0, eqs 16 and 17 become
[1(,6)/q%],.0 = Dyl1 + C'(0)Ry(c=0)g?...] ~ (18)
C'(0) = Cp% p=Rg(c=0)/Ry(c=0); Rg*c=0)=Rg, .’
(19)
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where C or C’(0) is a characteristic constant that depends
on the molecular architecture. We tried to use this expres-
sion for the present copolymer/solvent system and to eval-
uate the g2 coefficient C’(c) from Figure 1 with Ru(c) at
finite polymer concentration c. Figure 6 shows this result,
where C’(c) is plotted against c. The C’(c) value is con-
stant (zero) in dilute regions of ¢ ~ 2 X 10~4-7.5 X 104
g cm~3 and then decreases (negative) with increasing c.
The value C’ = 0 at ¢ ~ 0, i.e., C =0, is equal to that for
rigid spheres3® and is in contrast to the usual positive
values for molecules of flexible linear or branched struc-
tures of various kinds, as is typically given by a value
C’(0) = 0.114 for regular star molecules of infinite num-
bers of rays (N — «).22 The negative C’(0) at ¢ > 7.5 X
10~% g cm~3 might be attributed to intermiceller interac-
tions which are characteristic of the micellar structure
mentioned already.

Appendix

Micellar Structure in Region II. Here, the parti-
cle structure formed in region II is discussed briefly, though
it is still unclear as described below. Let us first con-
sider an all or none process in region II; that is, the sin-
gle copolymer of region I (molecular weight M) is in equi-
librium with the micelles of region III (N pieces of copol-
ymers with molecular weight Mx). The mixture of species
with molecular weights M; and My, with weight frac-
tions wy and 1 - wy, respectively, gives, by definition, the
weight-average molecular weight M, and the diffusion
coefficient D, which should be expressed by the z-aver-
age diffusion coefficient D, as follows:

M, = wM, + (1-w)M, (A1)
D=D, = [wMD,+ (1-w)MD,]/M, (A2

with D; and Dy the diffusion coefficients of the single
and micellar particles, respectively. It follows from elim-
ination of My, from eqs Al and A2 that

D, =Dy + [wM,/(1 - w)M,D}/
[1+ wM,/(1-w)M,] (A3)

With experimental values My/M; = 100, Dy = Do(region
III) = 5.87 X 1078 cm? s71, and Dy = Dy(region I) = 54.3
X 108 cm? 571, it is expected that Dy = D, = Dy, which
conflicts with experimental D in region II, where D(re-
gion II) < Dy. The solutions in region II are thus never
composed of mixtures of the particles formed in regions
I and III.

Let us secondly consider that the particles in region
II are cylindrical rods of length L and radius r. For this
shape of particles, the following expressions are avail-
able for Do,3° the second virial coefficient A4,3! and the
concentration-dependent factor of the friction coeffi-
cient kg:32:33

D, = kgT'n (L/r)/(3mn,L)

Ry=L/2In(L/r) (A4)
A, = (xN,/2)(r/MD (A5)
Ry =24,M, -k, —v (A6)

k= (kgT/3n)(8A,N,2/2m)*3(M, 3 /D)) (A7)

where M, is the molar mass per unit length defined by
M, = M,,/L and v is the partial specific volume of the
particle. kp can be given from eqs A4-A7 as a function
of r, L, and/or My, alone
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Ry +v=aN,(rL/M){1 - [(3/4)*L/r)3/In (L/r)} (A8)

Experimental values of Do (or Ry, Do = 4.49 X 1078 cm?
g 1)14a were obtainable with reasonable r and L values.
However, the experimental positive kp (=2450 cm3 g=1) 142
could never be obtained because eq A8 always gave neg-
ative kp values for any reasonable r, L, and/or My, value.
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ABSTRACT: An equation is derived from probability theories for the relative diffusion between ends of a
Gaussian chain. Numerical solution of the derived equation gives the time-dependent end-to-end distance
distribution function. As time approaches infinity, the time-dependent end-to-end distance distribution
function approaches the Gaussian form regardless of the initial end-to-end distance of the Gaussian chain.

I. Introduction

The end-to-end distance of a polymer chain varies with
time due to continuous changes in chain conformations.
Variation of the relative separation distance between the
end groups originally (at ¢t = 0), R, with time is of both
theoretical and experimental importance. In a previous

_paper in this series,! the root-mean-square end-to-end
distances of end-labeled poly(methyl methacrylate)
(PMMA) chains measured using the “Spectroscopic Ruler”
technigue in nonviscous solvents were found to be con-
sistantly shorter than those determined from intrinsic
viscosity measurements. It was suggested that the vari-
ations of the relative separation distances between the
end groups during the fluorescence lifetime of the donor
were partially responsible for the discrepancies.

Further, consider a chemical reaction between two ends
of a polymer chain. If the variation in end-to-end dis-
tance is due to the relative diffusion between the chain
ends and the reaction is diffusion-controlled, approach
of the two end groups within an effective reaction radius,
R., will result in instantaneous reaction. If the distribu-
tion function of the end-to-end distance, r, of such a chain
is S(r, R, t) at time t, the probability of reaction after
time ¢ for the end groups originally separated by R > R,
at time ¢ is

pt.R) = [ “Str,R, 1) dr (1)

Assuming that there are N molecules in the system and
the end-to-end distance distribution function at time ¢
= 0 is given by P(R), the rate of reaction at time ¢ is

digi—tl =N [ "P®) fo"'(——-—ds(’éf’ t)) & ©

Under 6 conditions, the equilibrium end-to-end dis-
tance distribution function of polymer chains can be
described by the well-known Gaussian form.2 The Gaus-
sian probability function can then be related to a poten-
tial energy, as has been shown by Katchalski-Katzir et
al.3 The relative diffusion between the ends can now be
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described as the diffusion of particles in a potential field
and is soluble by the Smoluchowski equation.*

In this paper, an approach to the derivation of the dif-
fusion equation using pure probability theory is pre-
sented and compared to the approach using the Smolu-
chowski equation. The diffusion equation is solved numer-
ically for chains starting with either R < Ry, R = Ry, or
R > R.,, where R, is the most probable end-to-end dis-
tance of the Gaussian chain at various times ¢t. The sta-
tistical parameters for the chain are chosen on the basis
of those PMMA samples described previously.!

II. Theory

The relative diffusion between chain ends can be pic-
tured as many small jumps of distance § occurring at very
high frequency ¢. We are interested only in changes in
the relative distances of chain ends. The coordinate sys-
tem can be chosen in such a fashion that one end group
is kept unchanged with time in the origin. The change
in end-to-end distance, r, is depicted as solely caused by
movement of the other end in space.

If spherical coordinates are used, the moving end can
be pictured as making jumps from one sphere to another.
The concentric spheres all have their centers at the ori-
gin. At time ¢t = 0, the moving end is located at (R, 6o,
®o) and the end-to-end distance is R. At time ¢, the accep-
tor end group moves to position (r, 8, ¢) and the end-to-
end distance is then r. By making the next jump at time
(t + 1)/¢, the moving end group can be on any sphere
with a radius ranging from r ~ § to » + §, as shown in
Figure 1. The probability for the moving end to be located
on different spheres at time (¢ + 1)/¢ is not the same
for two reasons.

(1) The linkage between the polymer ends makes com-
pletely random jumps improbable. Let us discuss the
probability of making two jumps. One jump decreases
the end-to-end distance by 4, and the other increases it
by 8. At time (¢ 4+ 1)/y, if the donor makes the first
jump, the end-to-end distance will be r — §; otherwise, it
will be r + 8. The probability po(r — r — 6) for the occur-
rence of an end-to-end distance of r — & for a chain of n
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