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ABSTRACT: The binary segmental interaction parameter, xs-g, for poly(styrene-block-butadiene-block-
styrene) (SBS) triblock copolymer was evaluated by analyzing the small-angle X-ray scattering (SAXS) in
the disordered state based on the random-phase approximation (RPA) for asymmetric and polydisperse
triblock copolymers. The parameter fitting allowed us to determine also the radius of gyration, R,, of an
entire copolymer from the peak position of the scattered intensity. Samples used in this study are Shell’s
TR-1102 and Kraton D-1102 having the weight fractions of polystyrene 0.31 and 0.28, respectively. The
effects of asymmetry in the size of the repeating units and polydispersity in molecular weight on the scattering
function and on the evaluation of x and R, for these particular SBS’s were examined. The analyses gave the
temperature (T) dependence of xs 5 as xsg = 6.59 X 108 + 13.6/T and the statistical segment length of
polybutadiene, bps, calculated from the value of Ry, as bpg = 0.65 £ 0.02 nm, for both TR-1102 and D-1102.
The theory with no polydispersity or no asymmetry correction turned out to overestimate xs-s and the R,

values for these block copolymers.

I. Introduction

Block copolymer is a unique polymeric material which
possibly exhibits highly ordered patterns of the structure
with an identity period of a few tens of nanometers and
size of “grain” in a few microns. It is worth studying their
morphologies from the viewpoint of pattern formation in
condensed matter. Recently it has been found that there
is a possibility of controlling the morphology in various
fashions through modifying the architecture of the poly-
mer. It is also interesting to study the morphological
transition of the patterns having the highly ordered
structure.

The microphase-separation transition (MST) or the
order—disorder transition'2! (ODT) of block copolymers
is also an interesting phenomenon well-known from the
earlier stage of work and has been studied intensively by
means of various methods, e.g., by small-angle X-ray
scattering (SAXS),!® small-angle neutron scattering
(SANS),* 13 and dynamic mechanical measurements.b1415
The scattering experiments!~13.23-26 revealed a dominant
mode of the concentration fluctuation with a wavenum-
ber q equal to gm (~1/R; where R, is the radius of gyration
of the entire block copolymer) existing in the disordered
state, which was theoretically explained as the correlation
hole effect.? SAXS from the block copolymer melts and
solutions in the disordered state has been studied
theoretically.?16-3! Leibler!® has calculated the structure
factor for a diblock copolymer in bulk and the disordered
state in the context of Landau-type mean-field theory
using the random-phase approximation (RPA) method,
as a function of f and a product xN, where f is the volume
fraction of one of the block chains, x the Flory interaction
parameter per segment, and N the degree of polymeri-
zation (DP) for an entire block copolymer. In addition,
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the RPA and other theories permit calculations of structure
factors for various molecular architectures.!718.23.2730 Thys,
itis a great advantage to use the scattering theory in order
to evaluate x for the various types of copolymers.

Recently, Landau-type mean-field theory has been
generalized to take into account the Brazovskii effect,3?
and what is called the finite size effect!®22 has been
explored. The theorywas extended tosolutions.?2125 Thig
effect may cause a considerable effect in the evaluation of
x. Some authors have taken this effect into account.!1:26
On the other hand, the effects of polydispersity and
composition distribution322.24.2%.29 and those of asymmetry
in segment size®' are also important and have been
considered in the calculation of the structure factor of the
diblock copolymer in the disordered state.

For the evaluation of x values for poly(styrene-block-
butadiene-block-styrene) (SBS) triblock copolymer we
developed the RPA theory for a triblock copolymer which
takes into account correction for polydispersities in mo-
lecular weight and composition as well as that for
asymmetry insegmentsize. The parameter fitting between
the theoretical and experimental SAXS profiles allowed
us to determine x values and also the statistical segment
length. The content of this paper is as follows. First, we
discuss the effects of polydispersity and asymmetry on
the evaluation of x and R;. Second, we compare x values
thus obtained and their temperature dependencies of the
segmental interaction between styrene and butadiene with
the literature values. Owensetal.” have evaluated x values
as a function of temperature from the scattering function
obtained in the disordered state for a poly(styrene-block-
butadiene) (SB) diblock copolymer by synchrotron SAXS.
They used the scattering theory for polydisperse block
copolymers along with the physical parameters corrected
for the asymmetry in the segment size. However, the
theory itself did not explicitly include the asymmetry
correction. Hewel et al. have also obtained the x values
as a function of 7. They measured the SAXS profiles
from SB diblock copolymers in the bulk state as a function
of temperature using synchrotron SAXS. Then they
determined the spinodal temperature, T, for ODT of a
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given polymer by extrapolating the inverse scattered
intensity at the scattermg maximum in the disordered
state, Imas !, to zeroin a plot of Ina, 1 vs T-1. The splnodal
x value, xs, for the given polymer was evaluated using
Leibler’s theory!® which gives a (xN), value for a given
block copolymer composition. Consequently, the rela-
tionship between x; and T in the form of x; = A + B/ T
has been obtained. In the original Leibler’s theory,
however, it should be noted that the effects of polydis-
persities in molecular weight and composition and the
asymmetry in the segment size are not taken into account.

II. Theoretical Background

In the previous work,3! the effects of polydispersities in
molecular weight and composition and the asymmetry in
the segment size on the scattering function have been
investigated for a diblock copolymer and have been found
to be significant in some cases. Using a similar procedure,
we develop the mean-field theory for the asymmetric and
polydisperse triblock copolymers to express the scattering
function, I(g), in the disordered state where g is the
magnitude of the scattering vector defined by

= (47/)) sin (6/2) 1)

with A and 8 being the wavelength of X-rays and the
scattering angle, respectively.

The system treated here is a A1-B-A2 type triblock
copolymer with DP’s being Na;, N, and N, respectively.
Note that the Al and A2 block chains comprise the same
monomers A but have different DP’s. A total DP of the
triblock copolymer, N, is given by N¢ = Na; + Np + Njo.
Taking the asymmetry in the segment size into account,
we define the effective DP for Kth component, rk, as

rg = Wg/vg)Ny (K =Al1,B,orA2) (2)

where va (Sva; = vaz) and vp denote the molar volumes
of segment A and B, respectively, and vo denotes the molar
volume of the reference cell. vxisgiven by M, x/pk, where
M, k is the molecular weight of the Kth segment, and px
is the density of the K polymer. We assume here vy =
(vaus)/2, For an entire block copolymer the total effective
DP, rc, is given by rc = ra1 + rg + raz. Then the effective
fraction, fk, is defined by

fx = rx/rc = UgNg/ WpN,; + vgNg + UaNy,)  (3)

and fa1 + fp + faz = L.
The SAXS intensity is expressed as:

-1
Iq) = K@-b) [S‘q’ 2x] )
W(g)

with

S(@) = (Saa@), + 2(Sx(@), + (Sga(@), )
and

W(@) = (Sya(@),{Spa(@), - (Sap@),’ (6)

where the line over the quantity indicates that it contains
volume-averaged quantities. Kis a proportional constant.
(...), designates the volume average in terms of Schultz—
Zimm’s distribution function for molecular weights. a and
b denote the electron densities of the A and B monomers,
respectively. The correlation functions Saa(q), Sse(q),
and Sap(q) in eqs 5 and 6 can be calculated as follows. For
the asymmetric triblock copolymer
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vy \2
Saal@ = ( ) ZH,P,,(Q) ()
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Sea(@ = | —) =2 1-8)1-5)Psi9)  (®

Uo/ Te ij=1
va\fvs) 1 Xe
S (q)=(—)(—)—— 0,(1-6,)P.:(q) )]
AP Ug/ \Ug/ Tc UZ=1 Y
with
P;(g) = exp[-(R?),;¢"] (10)

where §; denotes the § function which is defined to be
unity only when the A segment is placed on the ith position
in the polymer chain. The same goes for §; when the A
segment is placed on the jth position. (R%);; denotes a
mean-squared distance between the ith and jth positions.
Using the P;;j(g) function for a Gaussian chain, the results
are expressed by

San(@ = rctfa’ei@) +
2f aif asfin (@) 855(q) exp(—xp) + fo.22D(q)} (11)

Spp(@) = rcfa’e (@) (12)

Sas(@) = relfaigin(@) + fag@¥a88' @  (13)

with

#(@) = 211 - exp(-xp)] 14
K

and

g2(g) = —[xK 1 + exp(-xy)] (15)
K
where

xx = Ngb,q%/6 (16)

and by is the statistical segment length of the Kth segment
(K = Al, B, or A2). Equation 15 is the Debye function.
Note that eqs 11-13 are reduced to the correlation
functions for a symmetric triblock copolymer2®2” when b
= bg and vy = vp. Let us show the result for an A-B-A
type triblock copolymer, which is the special case of an
Al1-B-A2 type with Na; = Nas.

Sua(@ = 2rcof, Hg2(@) + [8 (@)1 exp(-xp)} (17T
Sga(@) = rof’e® () (18)
S\p(@) = 2rofafagl (@) 85 (q) (19)

The volume-averaged quantities in eqs 5 and 6 are
calculated as

( (Saa(@)),

(Spg(@)), | =
(SAB(Q)),,

Saa(@
f f f dN,, dNg AN, ¢ (N1, Np.Nyy) | Sea(@
Sas(@

(20)

where ¢(Na1,INg,Na2) is the normalized volume distribu-
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tion function of the copolymers having the DP’s Na;, Np,
and Nya: for Al, B, and A2 block chains, respectively.
(N a1,NB,Nao) is given by

¢(NA1»NBJVA2) =
@(N a1 Np,Nyo) {(Ngy + Npgvs + Npvg)
J:j:f:de dNg dN g, (N Np.Nag) {(Na; + Nyg)v, + Npog}
2D
using the number distribution function of the copolymers
@(Na1,NB,Naz). We assume that the number distributions
of the molecular weights for Al, B, and A2 block chains
are independent of each other and given by Schultz-
Zimm’s distribution function. Then
‘P(NAerBrNA2) = Pa1 (NM) ¢B(NB) ¢A2(NA2) (22)
with

YK INRK

=K K —
eg(Ng) = TGt D) exp(-vgNg) (23)

kgt 1 g+ 2

Vg =
NK,n NK,w

(24

or
NK,W_kK+2E
Ny, kg+1

where Ng , and Nk  are the number- and weight-average
DP (K = Al, B, or A2). Note that ¢x(Nk) given by eqs
23 and 24 is the normalized number distribution. In this
case the denominator in the right-hand side of eq 21 is
given by

j;,mj;m fodem dNg ANy, (N1 NN ysp) X
{(Ngy + Npp)vs + Npup} = vy (j:%’Al(NAl) Ny dNy, +
LW‘PAz(NAz) Npy dNyy) + UBJ:‘PB(NB) Ng dNg =
(Narn + Npon)ua + Np g = et
And then ¢(N41,NB,Na2) is given by

(N p1:Np:Nag) = 0p1(Na1) eg(Np) aa(Nyo) re/re, (26)

The heterogeneity index of the molecular weight, Mk w/
Mk », for each block chain has the following relationship
with M./M, for the entire triblock copolymer, i.e.

Mw MAl w ) 2 (MBw ) 2
¥ _ 1= W W +
M 1 ( MAl,n 1w, + MB,n 1 jwp

n

Ag 25)

where wx denotes the weight fraction defined by

- MK,n
K MAl,n + MB,n + MAZ,n

and Mk, and Mk, are the number- and weight-average
molecular weights for K block chains, respectively, and
M, and M, are the number- and weight-average molec-
ular weights for the entire triblock chain, respectively.
For the case of the A-B-A type triblock copolymer, the
following relation should be used.

Mw MA,w ) 2 (MB.w ) 2
v-—l—Z(MA'n—l wy?+ M, 1)wg® (29

n

Hence, Ax = Ngw/Ngn = Mkw/Mgn needed in the
calculation of eq 20 via kk can be evaluated from the data
on M,/ M, if we assume that Ay; = A = Aas. The analytical
results of integrations of eq 20 are given in Appendix A
(see eqs A.1-A.15).

(28)
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It should be noted that for symmetric block copolymers
the volume-averaged quantities in eqs 5 and 6 are equal
to the weight-averaged quantities. In this case the
averaged quantities can be obtained by replacing ¢-
(Na1,NB,Na2) in eq 20 with W(Na1,Ng,Na2), the normalized
weight distribution function of the copolymers having DP’s
Nai, N, and Njg for Al, B, and A2 block chains,
respectively. In our previous analysis,? we assumed that
the weight distributions of the molecular weights for A
and B block chains of an A-B diblock copolymer are
independent, i.e.

V(N Np) = ¥, (N,) Ty(Np) (30)

instead of assuming the number distributions independent,
as described by eq 22 for the triblock copolymer. Here
Yk (Ng) is equal to the right-hand side of eq 23 with

K = NK,n - NK,w (31)
or

Ngo kxtl

N~ Fr @

»

Note that ¥x(Ng) given with eq 31 or eq 32 is the
normalized weight distribution; i.e.

ﬂ,mN k¥k(Ng) ANk = N,

If the quantities (Skj(q) ), are calculated using eqs 30 and
31, the final expressions become very complex as shown
in ref 24 for diblock copolymers and in Appendix C for
A-B-A triblock copolymers (see eqs C.1-C.16). However,
in terms of reaction kinetics, it seems more reasonable to
assume independence of the number distributions rather
than that of the weight distributions for respective block
chains. Consequently, we recommend a present approach
of calculating {Sk;(q)), witheq 26 rather than our previous
approach? with eq 30. In Appendix B we show the
quantities (Skj(g)), calculated for asymmetric, polydis-
perse diblock copolymers based upon the present approach
(see eqs B.1-B.3).

The scattering theory for the melt was extended to the
semidilute solution of the block copolymers in the dis-
ordered state.202L.28 It was shown that the scattering
function I(q) is enormously simplified in the context of
the pseudo-binary approximation3:25:33

S(q.R,)

Wig,Rp)

in which x, R, and (a - b)? in the melts are replaced by
Xeff; Rg, and (a — b)es? = (a — b)%¢;, in the presence of the
solvent. This pseudo-binary approximation was shown
to be valid under the optical 6 condition and for the non-
selective solvent.?> Furthermore, a renormalization group
analysis® showed that x.s is given in the semidilute 0
solution by

-1
I(g) = K(a - b>2¢p[ - 2xeff] (33)

X0,

¢p + X/UIZ

where u;, is the fixed point to be nearly equal to 10 (see
eq 3.12 of ref 33). It should be noted that xe in eq 34
corresponds to Xedp in eq 3.25b of ref 33. In the weak-
to-moderate segregation limit satisfying

34)

Xeft =

X/uyy K 6, (35)
Xeff becomes identical to that expected in the limit of the
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Table I
Sample Characteristics

microstructure of PB (13C NMR)

sample M, (osmometry) M,/ M, (GPC) p, g/cm?® 1,2 cis-1,4 trans-1,4
TR-1102 5.9 X 10¢ 1.2 +0.15° 7.4 55.6 37.0
Kraton D-1102 5.7 x 104 1.2 £0.15° 0.94¢ 9.8 36.6 53.6

s The value of M,/M, obtained by GPC varies within 0.15 depending on the apparatus used. ¢ Calculated from 13C NMR data (19 mol %

styrene segment). ¢ Catalogue values.

dilution approximation, i.e.

Xeft = $pX (36)

In fact for our experimental condition, ¢, = 0.71 and
x/u;2 ~ 3.6 X 1073 for D-1102 (see section III for the
specimen codes and section IV for the x values). Thuseq
35 is satisfied and the dilution approximation of eq 36 is
valid. Moreover, it is experimentally confirmed directly,
as will be discussed later in section IV in conjunction with
Figure 5, that the concentration covered in our experiments
satisfied the semidilute © condition so that the block
copolymers are locally swollen but globally unperturbed;
i.e., the radius of gyration Ry in the solution is that for the
unperturbed chain. The semidilute © condition is also
confirmed theoretically because fy in eq 3.1b of ref 33
(which is on the order of 0.01) is much smaller than ¢,.
Therefore, the experimental SAXS profiles will be
analyzed in section IV using egs 33 and 36 where

S(q)/W(q) is given by eqs 5 and 6 and by eqs A.13-A.15
given in Appendix A.

II1. Experimental Section

The samples used are supplied by Shell Co., Ltd. Table I
shows results of the sample characterizations, where M, and the
heterogeneity index of molecular weight, M./M,, are obtained
by the membrane osmometry and by GPC, respectively. The
data of the weight fraction of PS, wps, are picked up from Shell’s
commercial catalogue. The polybutadiene block of TR-1102and
that of D-1102 were characterized to have microstructures of 7%
1,2-linkage, 56 % cis-1,4-linkage, and 37% trans-1,4-linkage and
10% 1,2-linkage, 37% cis-1,4-linkage, and 53 % trans-1,4-linkage,
respectively, by 3C NMR.

The common solvent dioctyl phthalate (DOP) was used to
reduce the binary segmental interaction between styrene and
butadiene so as to lower the order—disorder transition temper-
ature, Topr, of the block copolymer solution in the range from
room temperature to a degradation temperature of the polymer.
The concentrated or semidilute polymer solutions of 60 and 67
wt % TR-1102 and 70, 80, 90, and 100 wt % D-1102 with DOP
were prepared via solvent casting with methylene chloride. A
mixture of the polymer and DOP was dissolved in an excess
amount of methylene chloride to obtain a homogeneous solution
of a ca. 5 wt % mixture of the polymer and DOP, and then me-
thylene chloride was gradually evaporated in an oven kept at ca.
30°C. Methylene chloride is a common solvent for the mixtures
and has a low boiling temperature of ca. 40 °C. Complete removal
of methylene chloride was ensured by measuring the weight of
the solution periodically until a constant weight was attained.
The volume fractions of polymer, ¢, studied are 0.61 and 0.68
for TR-1102 and 0.71, 0.81, 0.90, and 1.00 for D-1102.

SAXS measurements were performed with an apparatus®
consisting of a 12-kW rotating-anode X-ray generator, a graphite
crystal for the incident beam monochromatization, a 1.5-m
camera, and a one-dimensional position-sensitive proportional
counter (PSPC). Cu Ka radiation with a wavelength of A =
0.154 nm was used. The SAXS profiles were corrected for an
absorption due to the specimen, an air scattering, and the thermal
diffuse scattering arising from the density fluctuations. Since
the incident beam with a line-shaped cross section was irradiated
to the unoriented specimens, the scattering profiles were further
desmeared.®® The absolute scattered intensity for D-1102/DOP-
{¢p=0.71) was obtained by the nickel-foil method.* The SAXS

j { D-1102BOP (9. = .71
= a1 4 \
¢ F
5 St 4 \ 100 ¢
?::— ST /" 110 ¢
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Figure 1. Semilogarithmic plots of scattered intensity I(g) vs
g at various temperatures for D-1102/DOP(¢,=0.71).

profiles were measured in situ at each temperature where the
samples were first preheated for 5 min to ensure thermal
equilibration and then subjected to measurements for 30 min in
order to get sufficient statistical accuracy. To avoid the thermal
degradation of the specimens as much as possible, new samples
were used for the measurements of D-1102 with ¢, of 0.90 and
1.00 at each temperature higher than 240 °C.

IV. Results and Discussion

A. ODT and Determination of Mean-Field ODT.
SAXS profiles of I(g) vs g observed at various tempera-
tures are shown in a semilogarithmic plot for D-1102/DOP-
(¢p=0.71) in Figure 1. These profiles were measured in
situ at the designated temperatures by cooling the
specimens stepwise from the highest measuring temper-
ature, 150°C. SAXS profiles exhibit at least one scattering
maximum. The scattering vector gy for the first-order
maximum yields the wavelength D (=27/qn) of the
dominant mode of the concentration fluctuations. Inthe
disordered state this wavelength D corresponds to the
wavelength Dy;; for the dominant mode of the fluctuations
which are activated by thermal energy, whereas in the
ordered state it corresponds to the spacing for the domain
structure generated by the segregation power. For eval-
uation of the x value, the SAXS profile obtained in the
disordered state should be analyzed. Therefore, it is
necessary to determine Topr first.

In the disordered state, one single scattering maximum
should be observed due to the correlation hole effect,? as
experimentally confirmed by many investigators,1-13.23-26
Actually one can see that all the scattering profiles observed
above 50 °C show the single scattering maximum. How-
ever, it is not correct to take these profiles as those in the
disordered state because higher order scattering maxima
due to microdomain structures become very weak in the
vicinity of the ODT. Therefore, Topr should be deter-
mined quantitatively on the basis of the following criteria,
if one wishes to follow the criterion of the Landau-type
mean-field approximation.!® In the disordered state, (i)
the position gy of the scattering maximum or Dy, is
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Figure 2. Inverse of the scattered intensity at ¢ = 0.252 nm™1,
I'Y(g=0.252nm™), and D (=27/qn), where gn is the g-value at the
first-order scattering maximum, plotted against the inverse of
the absolute temperature, T}, for D-1102/DOP(¢,=0.71).

independent of T except for the minor temperature de-
pendence attributed to the temperature changes of the
radius of gyration, R, of the polymer coil, and (ii) the inverse
of the scattered intensity at any given g satisfying qR, <
1linearly decreases with increasing x. If the temperature
change of x is given by x = A + B/T as found in most of
the experimental results, then I-1(g) at a given ¢ linearly
decreases with increasing T! (for B > 0). Therefore

Dy, ~T° (37

I''(q) ~ (constant - x) ~ (1 - constant X T"}) (38)

or

1)~ (L_L
I'gqy (Ts T) (39)

where T, is the mean-field spinodal temperature. The
deviations from eqs 37 and 38 or eq 39 are expected to be
observed by further increasing T-! as a result of the onset
of the ordering and microdomain formation.

Let us present here a determination of ODT in the
context of the Landau-type mean-field approximation as
described above. Figure 2 shows the mean-field analysis
on the ODT as described above in which I"1(g) at ¢ = gn,
=0.252 nm™1,the wavenumber for the scattering maximum
in the profile at 100 °C, and D are plotted against 7. In
this approximate method, deviations from the relations
expressed by eqs 37 and 38 or eq 39 reflect the mean-field
ODT. The data on D and I"1 obtained at T'= Topr = 100
%+ 5 °C can be approximated by eqs 37 and 39 as shown
by the corresponding straight (solid) lines in this figure.
Both D and I start to deviate from the straight lines at
T = Topr. Therefore, the mean-field Topr is evaluated
to be 100 £ 5 °C. The mean-field T, was estimated to be
91 = 4 °C by extrapolating the linear relationship between
I'Y(qw) and T to I'Y(g) = 0 so as to find the intercept
with the abscissa.

The figure also includes the temperature change of a
quantity f(T) by a dash-and-dot line. f(7T) is defined by

(RAT)), ]1/ 2
(R(T=T")),

= D(T=T°) exp[(T - T°)«/2] (40)
where (R%(T))(is the mean-square end-to-end distance of

f(T) = D(T=T°)[
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the unperturbed block copolymer chains at a given T, T°
is a reference temperature, and « is the temperature
coefficient of the unperturbed chain dimensions of the
block copolymer defined as « = d In (R2(T))o/dT. The
dash-and-dot lineis the temperature variation of f(T) given
by eq 40 with T° = 100 °C and « = -0.3 X 10-3 [K-!] for
this particular case.3” The quantity f(T) represents the
temperature variation of the spacing D(T) if it arises only
from the thermal expansivity of the unperturbed chain
dimension. The temperature variation of D(T) can be
nicely followed by f(7) for T = 100 °C (=Tgpr) but is
much larger than f(T) for T < 100 °C. The large dis-
crepancy at 7' < 100 °C indicates that the increase of the
spacing D with lowering T is due to the chain extension
as a consequence of the microphase separation rather than
due to the thermal expansion of the chain,

At a first glance, the data of I'! as a function of T!
appear to be curved over the entire temperature range
covered. However, a close observation of the curve would
reveal that the variation of Il vs T'! at T' 2 Topr is
distinctly different from that at T < Topt. It appears to
be reasonable to break the entire curve into the two
separate curves as drawn by the two dashed curves, i.e.,
one at T > Topr and the other at T' < Topt. The curve
at T < Topr does not exist along the curve extrapolated
from the curve at T' 2 Topr but is rather bent upward
against the extrapolated curve. Moreover, as a matter of
fact, I'! tends to increase with lowering T or increasing
T-1. Note that the data on I'! are at a fixed g (=0.252
nm™1) at which the scattered intensity was approximately
maximum at T = Topr. Theincrease of I or the intensity
drop as the temperature is lowered in the ordered state
clearly reflects a sharpening of the scattering peak around
g = 0.252 nm™ and a shift of a scattering maximum toward
a lower g, both of which clearly manifest the onset of the
microphase separation, i.e., an ordering phenomenon of
block copolymers in the ordered state. This upward bend
of I't vs T-1in the ordered state is therefore parallel to the
upward deviation of D vs T"! from the dash-and-dot line
corresponding to f(7). It should be noted that the
deviation of the dashed curve at T'< Toprfrom the straight
line on It vs T at T = Topr is much greater than the
deviation of the dashed curve at T'= Topr from the straight
line.

It should be worthy to comment here about deviations
from the Landau-type mean-field behavior on the ODT
of our systems. T'wo types of deviations have been pointed
out either theoretically!® or experimentally:1112 (1) the
finite size effect (Brazovskii effect), which makes the ODT
weakly first-order,11° and (ii) the chain stretching,!2 which
was proposed to occur in the disordered state slightly above
the ODT.

The finite size effect was found to induce concave
curvature in the plot of I"l(¢) vs T-!. This effect may be
discernible also in our plots even at T 2 Topt shown in
Figure 2 (compare the corresponding dashed curve and
thestraightline). However,in our case the deviation from
the linearity between I-1(q) and T-! which starts to develop
at T < Topr is much stronger than the deviation which
is manifested as the weak concave curvature in the
disordered state. This makes the finite size effect in our
system less remarkable than that in the system studied by
Bates et al.11:12

The chain stretching in the disordered state near the
ODT was claimed to be observed by measuring D or gn,
at a fixed T as a function of N (degree of polymerization,
DP) through the ODT. In our experiments in which N is
fixed but T is varied, the corresponding chain stretching
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Figure 3. Plots of log I(g) vs q at various temperatures for the
DOP solutions of the SBS specimen having M, = 6.31 X 104,
M./M,=1.15,and wps = 0.56. These were obtained by irradiating
X-rays to the film specimens from the direction perpendicular
to the film surface (through view). Profiles a~c are for ¢, = 0.71
atroom temperature (@), ¢, = 0.81 at room temperature (W), and
¢p = 1.00 at 150 °C (A), respectively.

"
SBS/DOP
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Figure 4. Plotsoflog [I(q)/I,] vs ¢/qn for the same three samples
shown in Figure 3, i.e., for the SBS/DOP with ¢, = 0.71 at room
temperature (@), ¢, = 0.81 at room temperature (W), and ¢, =
1.00 at 150 °C (A). I and g, denote the intensity and the g
value of the first-order scattering maximum, respectively.

may be possibly observed in the temperature dependence
of Dg;,, because the change of N at a fixed T or x corre-
sponds to the change of T or x at a fixed N (note that xN
is the relevant parameter). This chain stretching in the
disordered state may cause an increase of Dg; with
increasing x or decreasing T toward the ODT. However,
it is important to note that the degree of chain stretching,
if any, may not change strongly by changing T because x
only weakly depends on T. As will be shown later, xopr
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Figure 5. Plot of g, as a function of temperature for TR-1102/
DOP(¢,=0.61 (0) and 0.68 (0)) and D-1102/DOP(¢,=0.71 (a),
0.81 (©), 0.90 (@), and 1.00 (A)).

- xuw)/xopt = 0.09 for D-1102/DOP(¢,=0.71), where xopT
and x, are the x parameters at the ODT and the highest
temperature covered in our experiments, respectively.
These values are much less than the value (Nopt — Ngst)/
Nopr = 0.43 reported by Bates et al.l2 where Nopr and
Ngsrarerespectively the N value at which the ODT occurs
and that at which the transition from a Gaussian coil to
a stretched coil occurs in the disordered state. Thus, in
our systems the weak chain stretching in the disordered
state, if there s, is considered to be essentially independent
of T over the temperature range covered in our experi-
ments. The increase of D below the ODT reflects a strong
chain stretching accompanied by the domain formation
induced by increasing segregation power.235

B. Neutrality of DOP. Since the dilution approxi-
mation of eq 36 is used to determine x from x.s values,
the solvent DOP should be a neutral and © solvent for
both PS and PB block chains. At first, we show that DOP
is a neutral solvent. For this purpose we used the other
SBS triblock copolymer which forms a lamellar micro-
domain structure. M,, My/M,, and wpg of this specimen
are 6.31 X 104, 1.15, and 0.58, respectively, as analyzed by
osmometry, GPC, and elementary analysis. The micro-
structure of PB block chains of this specimen are 33, 55,
and 12 mol % for cis-1,4-, trans-1,4-, and 1,2-linkages,
respectively, which are almost identical to those of Kra-
ton D-1102. In Figure 3 the SAXS profiles of the DOP
solutions of this SBS specimen are shown. These were
obtained by irradiating X-rays to the film specimens from
the direction perpendicular to the film surface (through
view). Profiles a—c are for ¢, = 0.71 at room temperature,
¢p = 0.81 at room temperature, and ¢, = 1.00 at 150 °C,
respectively. Since all the profiles exhibit three scattering
maxima of which a relative ratio of ¢ values can be assigned
as an integer, the lamellar microdomains turned to be
formed in these samples. If the solvent DOP is a neutral
solvent, DOP swells both PS and PB lamellae by the same
extent, and hence the volume ratio of PS and PB lamellae
is expected to be conserved upon adding DOP. However,
the domain spacing changes with a change of the effective
repulsive interaction between PS and PB block chains,
which depends on ¢, and 7. In addition, the scattered
intensities depend on the effective contrast between PS-
and PB-rich phases and the number of lamellae existing
intheirradiated volume of the sample. Therefore,inorder
to check the conservation of the volume ratio of PS and
PB lamellae for those three samples with different ¢, and
T, the SAXS profiles should be scaled, using reduced
scattered intensities and reduced g. Semilogarithmic plots
of I(q)/Im v8 ¢/ qm for the three samples are shown in Figure
4 where I, and g denote the intensity and the g value
of the first-order scattering maximum, respectively. One
cansee that the three profiles overlap onto the same master
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Figure 6. Best fits between the experimental and theoretical scattering profiles shown in plots of I(g) vs ¢ for TR-1102/DOP(¢,=0.61)
at 100 (0), 110 (O), 120 (A), and 140 °C (<). The solid curves are the calculated scattering profiles using the RPA without poly-
dispersity and asymmetry corrections (a), without polydispersity but with conventional asymmetry corrections (b), without poly-
dispersity but with asymmetry corrections (c), with polydispersity but without asymmetry corrections (d), with polydispersity and
conventional asymmetry corrections (e), and with polydispersity and asymmetry corrections (f).

curve. This clearly suggests that the volume fraction does
not change by adding DOP and hence that DOP is aneutral
solvent for the SBS triblock copolymer.

C. Confirmation of the Semidilute 6 Condition. We
now show experimental evidence that the DOP solutions
studied here form semidilute 6 solutions for the polysty-
rene-polybutadiene block copolymer so that their gy’s
for the scattering profile in the disordered state or R,’s are
independent of ¢,. Figure 5 is a plot of gn, as a function
of temperature for various polymer concentrations. As
discussed later, the R, values of TR-1102 and D-1102
calculated from the literature value of the segment lengths
are almost identical so that the g, values for the two
specimens can be compared directly. It is clearly seen
that the g, value and hence R, are independent of polymer
concentration ¢p, (0.6 S ¢, < 1.0) and temperature T (100
= T < 320 °C) covered in this experiment, within

experimental error. This suggests that the SBS/DOP
solutions studied in this work are semidilute © solutions.

D. Polydispersity and Asymmetry Effects and De-
termination of x, Ry, and bpg. Let us next discuss the
effect of polydispersity and asymmetry in the segment
size on the scattering function and on the evaluation of x
and R, for these particular SBS’s. For this purpose
parameter fittings between the experimental and theo-
retical scattering profiles were performed using x, R, and
K(a - b)? as floating parameters for TR-1102/DOP-
(¢p=0.61).58 We do not recommend comparison of the
experimental and theoretical profiles in the absolute
intensity. This is simply because (i) a small error in the
calibration constant K causes a significant error in the
derived value of x, (ii) a small error in the estimation of
the scattering constant, i.e., (@ - b)?, causes a significant
error in the derived value of x (the estimation of (a — b)2
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Table II
Results Obtained for TR-1102/DOP(¢,=0.61) by the Best
Fits between the Experimental and Theoretical SAXS
Profiles by the Various Methods,® As Shown in Figure 6

Ry, nm
T,°C a b c d

100 11.06 10.45 10.98 8.91 7.71 8.10
110 11.01 10.40 10.88 8.91 771 8.10
120 11.01 10.40 10.93 8.91 7.71 8.10
140 11.186 10.45 11.09 9.00 7.82 8.20

pr,b nm
T,°C a b ¢ d e f

100 0.930 0.871 0.923 0.722 0.601 0.641
110 0.925 0.867 0.913 0.722 0.601 0.641
120 0.925 0.867 0.918 0.722 0.601 0.641
140 0.940 0.871 0.933 0.731 0.612 0.651

¢ Methods a-f employed here correspond to those used for
calculations of the theoretical scattering profiles in parts a—f of Figure
6, respectively: without polydispersity and asymmetry corrections
(a), without polydispersity but with conventional asymmetry cor-
rections (b), without polydispersity but with asymmetry corrections
(c), with polydispersity but without asymmetry corrections (d), with
polydispersity and conventional asymmetry corrections (e), or with
polydispersity and asymmetry corrections (f). ® The statistical seg-
ment length of PB, bpg, is calculated from the R, value using eq 41
with bpg = 0.70 nm.%®

requires mass densities of A and B block chains in the
disordered state which are not necessarily well charac-
terized), and (iii) K(a - b)? affects only the absolute
intensity level but does not affect the shape of the
scattering curve. (Hence, K(a — b)? is independent of the
determination of x and the statistical segment lengths
which affect the shape of the scattering curve.)

In the calculations of the scattering function, the
following parameters are used: bs = bps = 0.70 nm,? ppg
= 0,970 g/cm? for T > T,,*° ppp = 0.928 g/cm?3. This value
of ppr is evaluated from the data of D-1102, i.e., p = 0.94
g/cm? (density of D-1102) and wpg = 0.28 (see Table I).
Figure 6 shows best fits where the theoretical scattering
functions are shown by solid lines. The theoretical
scattering functions shown in parts a and b of Figure 6
were obtained for the case of no polydispersity correction
and no asymmetry correction, those in part c of Figure 6
for the case of no polydispersity correction but asymmetry
correction, those in parts d and e of Figure 6 for the case
of polydispersity correction but no asymmetry correction,
and those in part f of Figure 6 for the case of polydis-
persity correction and asymmetry correction. In parts b
and e of Figure 6, however, fxn = VgNgn/(20ANA, + Up-
Npn) was used in the calculations instead of fx, = Nk ./
(2Nan+ N ). We designate hereafter this method as a
conventional asymmetry correction.

Without polydispersity correction, the fitting between
experimental and theoretical scattering functions is poor
in the angular region smaller than g, especially in 0.15
<q £0.20 nm™! (see Figure 6a—c). Contrary to this, with
polydispersity correction the theoretical scattering func-
tions were better fitted to data in the region of 0.15 < ¢
< 0.5 nm™! (see Figure 6d-f). Consequently, the poly-
dispersities in molecular weight and composition turned
out to increase the scattered intensities in the angular
region smaller than ¢, Compared to the effect of the
correction on the fitting precision of the profiles, the effect
onthederived values of x and the statistical segment length
is much larger, as will be shown in Table II and Figure 7.
The obvious upturn of /(¢) in ¢ < 0.15 nm™ may be
attributed to the scattering arising from the concentration
fluctuation of the SBS polymer as a whole in the solution,
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Figure 7. Binary segmental interaction parameter, xs-g, which
is given as X./ dp, plotted against the inverse of absolute tem-
perature, "1, for TR-1102/DOP(¢,=0.61). The x.i values were
evaluated by the best fits between the experimental and
theoretical SAXS profiles by the various methods, as shown in
Figure 6. Methods a—f employed here correspond to those used
for calculations of the theoretical scattering profiles in parts a—f
of Figure 6, respectively.

which has the scattering maximum at ¢ = 0, or to the
artifacts caused by foreign particles.

The effects of asymmetry in the segment size on the
scattering profile and of the fitting precision are found to
be trivial, less than the effects of polydispersity, although
the asymmetry significantly affects the absolute value of
x determined by the fitting, as the polydispersity does.

Figure 7 is a plot of x.st/ ¢p vs the inverse of the absolute
temperature where x.¢ denotes the x value obtained by
thefitting. xes/¢pisidenticalto the segmental interaction
parameter between styrene and butadiene, xs-g, in the
bulk state, since eq 36 is applicable to our system, i.e., the
semidilute © solution with the weak-to-moderate inter-
action limit of x/u;, < ¢,.2533 The obtained R, values for
an entire copolymer and the values of the statistical
segment length of polybutadiene, bpp, are summarized in
TableIl. The bppvalues were calculated from the R, values
together with the data on the degrees of polymerization
of the respective block chains and the literature value of
the segment length for PS3%° (bpg = 0.70 nm) using the
following relationship between R; of the entire block
copolymer and R, x of the K block chain:

R’=2R ,*+R,g"= (2N, b,> + Ny, bg)/6 (41)

Irrespective of the methods used for the fitting, the tem-
perature dependence of the segmental interaction pa-
rameter can be expressed as xe/¢p = xs-8 = A + B/T.
When the polydispersity correction is made, the xs.g value
and the R, value evaluated by the fitting are considerably
smaller compared to those evaluated by the theory with
no correction (cf. lines a and d, b and e, or c and f in Figure
7 and the values in a and d, b and e, or ¢ and f columns
of Table II). In the case when the theory with the
asymmetry correction is used, the evaluated x value is
smaller than that obtained by the theory without the
asymmetry correction (cf. lines a and ¢ or d and f in Figure
7). As for the conventional asymmetry correction, the
evaluated xs-p values are comparable to the values
estimated from the theory with the asymmetry correction
(cf. lines b and ¢ or e and f in Figure 7). This indicates
that the conventional asymmetry correction in the com-
position of block copolymer can be a good approximation
for the polystyrene-polybutadiene block copolymer sys-
tem, even if the theory itself does not include explicitly
the asymmetry correction. The values bpp evaluated by
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Figure 9. Best fits between the experimental and theoretical
scattering profiles for D-1102/DOP(¢,=0.71) at 100 (0), 110 (O),
120 (4a), 130 (<), 140 (m), 150 (&), and 200 °C (D).

method f are consistent with the literature value, i.e., bpp
= 0.65nm for PBwith 7% 1,2-linkage, 36 % cis-1,4-linkage,
and 57% trans-1,4-linkage (from the viscosity measure-
ment)4! and bpp = 0.69 nm for PB with 20% 1,2-linkage,
36% cis-1,4-linkage, and 44 % trans-1,4-linkage (from the
small-angle neutron scattering measurement).*? This
means that the theory with no polydispersity or no
asymmetry correction overestimates the R, value for the
polystyrene—polybutadiene block copolymer system. We
then used method f (the theory involving both the poly-
dispersity and the asymmetry corrections) hereafter to
evaluate x and R; values for the other specimens.

The best fits between the experimental and theoretical
SAXS profiles for TR-1102/DOP(¢,=0.68) and D-1102/
DOP(¢,=0.71)% areshown in Figures 8 and 9, respectively.
The theoretical profiles involve both the polydispersity
and the asymmetry corrections. Figure 8 for TR-1102/
DOP(¢,=0.68) covers the SAXS profiles at higher tem-
peratures, compared to the profiles shown in Figure 6.
The R, value is independent of temperature and polymer
concentration, as discussed above, and is 8.15 + 0.28 nm
for both TR-1102 and D-1102, which gives bpg = 0.65 +
0.02 nm, again consistent with the literature values. Let
us next discuss the interaction parameter xs-g obtained
by using the theory with the two kinds of corrections. The
Xetf Values at each temperature are tabulated in Table III
for TR-1102/DOP(¢,=0.61 and 0.68) and D-1102/DOP-
(¢p=0.71, 0.81, 0.90, and 1.00). The xs-g values given by
Xeti/op are plotted as a function of the inverse of the
absolute temperature, T, in Figure 10. It is found that
xs-g obtained from the TR-1102 and D-1102 solutions are
identical, having the same temperature dependence, i.e.,
the data points fall on the same straight line over the
temperature range covered in our experiments. In the
previous paper,43 the value xs-p is strongly affected by the
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Figure 10. Binary segmental interaction parameter, xs-g, which
is given as xes/®p, plotted against the inverse of the absolute
temperature, T-!, for TR-1102/DOP(¢,=0.61 (O) and 0.68 (DO))
and D-1102/DOP(¢,=0.71 (a), 0.81 (®), 0.90 (@), and 1.00 (4)).
The literature values on xs-p are shown together in the figure:
Owens et al.” (--) and Hewel et al.8 (- -).

Table II1
Xett Values at Each Temperature for TR-1102/DOP(¢,=0.61
and 0.68) and D-1102/DOP(¢,=0.71, 0.81, 0.90 and 1.00)

TR-1102/DOP D-1102/DOP
¢p = ¢p = ¢p = p = ¢p = ¢p =
T, °C 0.61 0.68 0.71 0.81 0.90 1.00
100 0.0258 0.0299
110 0.0254 0.0296
120 0.0249 0.0296
130 0.0293
140 0.0240 0.0260 0.0291
150 0.02567  0.0294
160 0.0254 0.0297
170 0.0297
180 0.0246 0.0296
190 0.0293
200 0.0239  0.0278
220 0.0298
240 0.0297
260 0.0296
280 0.0295 0.0298
290 0.0297
300 0.0297
310 0.0296
320 0.0296

microstructure of PB, especially the content of the 1,2-
linkage. Since the microstructures of PB for TR-1102
and D-1102 are not identical, the temperature depend-
ence of xs-p should be separately examined for each SBS.
However, we obtained the temperature dependence of xs-p
(Exefi/ $p) as given by

Xs.p = 6.59 X 107 + 13.6/T (42)

for the two samples. This may be because the contents
of the 1,2-linkage are, respectively, 7 and 10% for TR-
1102 and D-1102, which are considered to be the same
within experimental error of measuring microstructures
by 3C NMR.

The temperature dependencies of xg-g from the liter-
ature are also shown in Figure 10 to facilitate comparison.
These are

Xs-B = -0.021 + 25/T (43)

obtained by Owens et al.” for an SB diblock copolymer in
bulk with M,, = 1.86 X 104 (by osmometry), My/M, = 1.06
(by GPC), wps = 0.49 (by ultraviolet measurement), and
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95% 1,2-linkage of PB and
Xgp = —0.027 + 28/T (44)

by Hewel et al.? for SB diblock copolymers in bulk with
f=0.3and 1.80 X 10* £ M < 4.00 X 104 (the definition
of fraction f and molecular weight M and the microstruc-
ture of PB were not specified in their paper). Owens et
al. have evaluated the xs-p values by analyzing the SAXS
profiles with the theory corrected for polydispersity but
not for asymmetry. However, they used physical param-
eters corrected for asymmetry so that their method is
similar to our conventional asymmetry correction. Onthe
other hand, Hewel et al. have determined x, values as a
function of T in the form of x, = A + B/ T, by synchrotron
SAXS through changing the molecular weight of SB
diblock copolymers. T, was evaluated from a tempera-
ture variation of I'1(qy,) based on eq 39 for a given DP, and
they used the theoretical (Nx)s value for the ODT based
on the original Leibler’s theory!® in order to determine x,.
In the original Leibler’s theory, however, the polydisper-
sity and the asymmetry corrections are not involved.

Generally speaking, our result is in good agreement with
the literature value in the lower temperature regime. In
contrast to this, there is a considerably big difference in
the higher temperature regime. The difference may be
attributed to the difference of molecular weight, compo-
sition, architecture, and microstructure of the block
copolymer. From the argument made above, the con-
ventional asymmetry correction is a good approximation
and therefore the difference between the result of Owens
et al. and ours may be mainly ascribed to the above four
factors inherent in the block copolymer. It is worth
pointing out the asymmetry effect existing in their results.
Although the conventional asymmetry correction is a good
approximation, we found that this method likely under-
estimated the R, values (see Table IT). Theyhave actually
underestimated the R, values compared to the values given
from the molecular weight.

Onthe other hand, Hewel et al. havelikely overestimated
the xs-p values because the theory used is not corrected
for the polydispersity and the asymmetry correction.
However, the difference of the results on xs-g is not as big
as that between the values evaluated by methods a and
f. Since their method of determining x is different from
our method and the detailed sample characterization is
not known, a further discussion is not warranted.

Finally it should be mentioned that poly(styrene-block-
isoprene) (SI)/DOP* and mixtures of SI/homopolysty-
rene (HS)/DOP* tend to show xer = x¢p"7. However,
this kind of ¢, dependence of s was not observed for the
SBS/DOP systems with the polymer concentration ¢, in
the range of 0.6 < ¢, < 1.0.

V. Concluding Remarks

In the present paper the scattering profiles of the tri-
biock copolymers in the disordered state were analyzed
by the RPA theory with the corrections for polydisper-
sities in molecular weight and composition and asymmetry
in thesize and volume of the segment. Here the correction
for the density fluctuation as reported by Fredrickson and
Helfand,!'® Fredrickson and Leibler,2® and Olvera de la
Cruz?! was not taken into account, since this theory might
not be applied for the copolymers having DP smaller than
104, as stated in their reports, and this type of theory for
the asymmetric and polydisperse A~-B-A type triblock
copolymer has not yet been developed. Recently Burger
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et al.?2 have proposed the theory on the ODT and the
scattering function in the disordered state, which takes
into account the density fluctuations along with the poly-
dispersity correction for a pure diblock copolymer and its
mixture with a homopolymer. A similar consideration on
the A-B-A type triblock copolymer should be needed as
a future work.

Acknowledgment. We are grateful to Dr. S. Yamau-
chi at the Mitsubishi Petrochemical Co., Ltd., for the
characterization of the microstructure by 13C NMR. This
work is supported in part by a Grant-in-Aid for Scientific
Research in Priority Areas “New Functionality Materials,
Design, Preparation and Control” from the Ministry of
Education, Science and Culture, Japan.

Appendix A

(i) (Sks(q)), for Asymmetric, Polydisperse A1-B-
A2 Triblock Copolymers. We present here the analytical
expressions of (Sk,(q)), for asymmetric, polydisperse A1-
B-A2 triblock copolymers obtained by the present ap-
proach using eqs 20-26 in the text.

(Saa(@), = _I‘J;) fo J:) [dN,; dNg ANy, o (Nay) X

ep(Np) eas(Nay) rcifa’85(q) +
2fA1fA2g“’(q) £53(@) exp(-xp) + fa 2@} =
v @ @ @
;va'fo _‘; fo [dN,; ANg ANy €4 (V) X

¢s(Np) 4Ny (N, 22 2(g) +
2N N8 0(@) 853(q) exp(-xp) + Ny, "8 0(@)}] (A1)
Similarly {Sgg(q)), and (Sap(q)), are written as

(Spg(@)), = v’ f f f [dN,; dNg ANy, ¢4 (V) X
ea(Np) 042 (N,so) Np’g ()] (A.2)
(Sap@)), = e f f f [dN4; AN ANy, 04 (Nyy) X

¢ (Np) wAz(NAa) {ng‘”(q) + N8 (@}Ngg (@] (A3)

It is useful to calculate the following quantities:
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and
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exp(-N, KyK)]j:dN Lo (Np) [1-exp(-Ny)]1 =
1f, ( 1 1/(»(-1)]_[ _
WioyOx -1 + 1} L
( 1 1/(xL—1)] _
W, 0 -1+ 1} N

NK.n[l_ ‘ 1 1/ (A1) NLn[l_
Teal  rgaOg-D+1 XL

1 1/(xL-1>] _
xL n()‘L - 1) + 1

2 (v—)rcffx,,fhg‘” @) glh(@) (A5)

Uk

where
yx = bx’q%/6 (A6)

Zgn = Nygnyi = Ng ,bg’q%/8 A
1/Ox-1)
— A.
xK,n(AK-1)+1} ] (A.8)

: 2[’“‘-“ it {x ) . n+ 1}1/(%1)]
K,n Kn\*K (A.Q)

R |
8xn(@ Txn

g =

Using eqs A.4 and A.5, (Sky(q)),’s are derived as
(Sun@), = oo frro 88 +

1 1/(e~1)
9 (1) (1) -
fA1,an2,ngA1,n(q) gAZ,n(q) xB,nO\B -D+1

fasn €% x,<q)] (A.10)

(Spr(@)), = reofan 8@ (A.11)

(Sa(@), = renlfara8iln(@ + fazn8hsn( @ 5,850
(A.12)
(ii) (Sks(q)), for Asymmetric, Polydisperse A-B-
A Triblock Copolymers. This is the special case of (i).

The following expressions can be immediately obtained
from egs A.10-A.12.

(Saa@)), = 2rgfa, [é’ff)n(q) +

0 2 1 1/0\3'1)]
[8an()] {_B,n(—)‘_B_—_l-m} (A.13)

(2)

(SBB(Q)),, = "c,nan 8B, (@) (A.14)

(SaB(@)), = 2refanfBa8on@ gih(@  (A15)
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Appendix B

{Sks(q)), for Asymmetric, Polydisperse A-B Di-
block Copolymers We present here the analytical
expression of (Sk,(q)), for blends of asymmetric, poly-
disperse A~B diblock copolymers with polydisperse A and/
or B homopolymers (the same systems as those we
considered previously®!) obtained by the present approach,
using independence of the number distributions for the
respective block chains; i.e., ¢(Na,Np) = ¢a(Na) ¢a(Np).

(S4a@), = O ofan 800(@ + Sprpgin(@) (B.1)

(Spa(@)), = 6 Cafpn 80n(@) + dprs (@) (B.2)

(Sap(@), = ST ofanfBoBon(@) 85n(@  (B.3)

Here notations D and E designate A and B homopoly-
mers, respectively, and ¢¢, ¢p, and ¢g are volume fractions
of A-B diblock copolymers and A and B homopolymers,
respectively. ¢c + ¢p + ¢ = 1.

Appendix C

(Sk.s(q)), for Asymmetric, Polydisperse A-B-A Tri-
block Copolymers (by the Previous Approach). We
present here the analytical expressions of (Sk(q)), for
asymmetric, polydlsperse A-B-A triblock copolymers
obtained by the previous approach? using eqs 30-32
instead of eqs 20-26 in the text. Here we show the results
only for the case of ks = kg = k, Ay = A\g = A,

(Saa@), = C;fA Qp + Qp- Qi3+ @1~ Qs + Q19
(C.H
with
2
Q= x"’“p( Lh+2,2k 431 2 A’“) for f, , < 0.25
fB n fB n '

an )
2fAnF(1 k+1,2k+3;1- 2f for )‘A_n > 0.25
(C.2)
1 1/(0-1)
Q12 fAn)\+1(1+[>\ l]xAn) X

F(l,k+1,2k+2;1— ;}3 {1+ [A-11x A,n})

2
for x, Sx—l——( fan 1)

an
-2 1 _ A/ (A1)
Nt Z(1+ A= 1lxy,) X
F(l,k+1,2k+2;1— ffA"{l + A= 1z, ) )
Bn
2
forx, , > —( fan 1)
an
(C.3)
2 1 , 21‘A,n)
Q13 = E X+ 1 1,k+1,2k+2;1- an for fA,n <0.25
=—1—LF(1 kH1,2k 40,1~ 1B ) for f,. > 0.25
fanA+1 2fA Amn 7

(C4
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Q= f —{1+[A Lz /P %
Bn
F(l k+1,2k+2;1- —':A—“{1+[>\ l]xBn])

fB,n )
forxp, < - 1(2fAn_1
——{1+[>\ 1xg Y x

2fAn
(1k+1 2k+2;1- sz‘;“{n[)\ 1lxp ) )
an )
for xp , > - 1(2fAn_1
(C.5)
Qlﬁ-lm{ + A= 1, VOV x

2fpn L+ A~ 1]xB,n)
an 1+ [A ]']xAn

for —z-f-A—n(l FA-1lx, ) 2 f—(l + [A-1lxg,)

——{l+ A= 11x, J OV x

{1+ [r- l]xB,n}'”“'”F(1,k+1,2k+2;1—

1
T >\+1

fon L¥ 1A= llxm)
fun 1 + (A~ 1]2g,

1+ A= 11x,,) <=1+ A - 1lx5,)

(C.6)

{14 (A - 1xg )7 ‘*‘1>F(1,k+1,2k+2;1—

for

2fAn f,n

1

Q= e 1{1+2[>\ x4V x

2fpn L+ A~ 1]xBn)
an 1+2[>\ 1%,

(1420 -11x, ) 2

1+ [N = 1xg /™ ”F(l k+1,2k+2;1-

for (1 + [A-1lxp,)

ZfA n " fBn

2f )\+1{1+2[>\ 1z, YO x

fan 14200 1]xA,,)
ZfAn 1 + [A-1lxg,

(1 + [A~1lxg,)

(C.7

where F(a,3,v;2) is the Gauss hypergeometric function.

{1+ [x-1]xg }‘*/“‘”F(1 k+1,2k+2;1-

for (1+2[A-1]x, ) <

2fAn f,n

(Sgp(@)), = i;cr:“ B (@ + Q=@  (C8)
with ,
Q= 2;;““1«*(1 k+1,2k+3;1- f'; ") for f,, < 0.25
:fA nF(1 k+2,2k+3 1—%) for f,,, > 0.25 (C.9)
Qe =@y (C.10)
Qo = @13/2 (C.11)

and

2ren
(Ssp(@), = R (; fA,nfB.n(Qsl =@y @yt @y (C12)

,n"B,n

with
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Qs = @yy/2 (C.13)
Qs = @y/2 (C.14)
@3 = Qyq (C.15)
2s = Qr5/2 (C.16)
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