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ABSTRACT: The modes of relaxation of composition fluctuations in disordered diblock copolymer systems
have been experimentally and theoretically investigated for wavevectors q near the maximum of the
static structure factor, .. By use of disordered semidilute solutions of a very high molecular weight
diblock in a nonselective good solvent, the dynamic structure factor S(q,t) is probed in this q range by
photon correlation spectroscopy over a broad time range. Two relaxation processes are observed to
contribute to S(qg,t) besides the cooperative diffusive relaxation of the total polymer concentration
fluctuations: the well-anticipated internal copolymer relaxation, which is a single exponential process
near . and for which the effect of the proximity to the disorder-to-order transition (ODT) is evident both
in the respective static light scattering intensity and in the relaxational dynamics by increasing the
copolymer concentration in the range ¢* < ¢ < ¢opr; and an extra relaxation, faster than the internal,
which is less influenced by the thermodynamics. A general theory for the dynamic structure factor for
entangled diblock copolymer systems is presented which adequately describes the internal relaxation
within the reptation model and predicts the existence of another relaxation mechanism due to Rouse-
like motions related to curvilinear chain fluctuations inside their tubes. The theory can semiquantitatively
account for the combined characteristics of the two processes.

I. Introduction

The relative motion of polymeric chains in multicon-
stituent polymer systems, i.e., the main channel for
relaxation of the most probable composition fluctua-
tions, is controlled by the thermodynamic interactions
between the dissimilar components and their mobilities.
For binary polymer blends, the relative motion of one
species with respect to the other results is the well-
known interdiffusion process; a thermodynamic slowing
down of the mutual diffusion coefficient near the mac-
rophase separation has been well documented.! For
diblock copolymers, consisting of two covalently bonded
linear sequences of chemically distinct species A and
B, the relaxation of the order parameter fluctuations
proceeds via the collective relative motion of one block
with respect to the other resulting in the internal
copolymer mode.23 According to the dynamic random-
phase-approximation (RPA), this is the only mechanism
for the relaxation of composition fluctuations in an
incompressible, monodisperse diblock copolymer melt in
the disordered state.® In the low wavevector (q) limit,
the characteristic thermal decay rate of the internal
process, being purely kinetic, is determined by the
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longest (internal) conformational chain relaxation time;
i.e., the effects of the thermodynamic interactions are
negligible. This process has been investigated by prob-
ing the relaxation of composition fluctuations in homo-
geneous disordered systems in the melt* and/or in
solutions®~8 in a common good solvent by dynamic light
scattering*®—8 and/or neutron spin—echo.> For solu-
tions, the dynamics of total concentration fluctuations
relax via another fast diffusive process, i.e., via the
cooperative diffusion of the transient network of the
overlapping polymer chains,3%~8 similarly to semidilute
homopolymer solutions. Besides, an additional diffusive
relaxation (the so-called “polydispersity” or “heterogene-
ity” diffusive mode) has been observed by photon cor-
relation spectroscopy (PCS) at low wavevectors both in
disordered melts* and solutions,®® which has been
identified®?1° with the copolymer self-diffusivity observ-
able due to the small but finite inherent composition
polydispersity of the diblock. Recent reviews!! provide
an extensive account on the research work on block
copolymer dynamics.

The disorder-to-order transition!? (ODT) for diblock
copolymers!3 of a certain composition f (volume fraction
of component A) is controlled by ¥N, where N is the total
number of links and y the Flory—Huggins interaction
parameter between A and B links; it leads from a
homogeneous or disordered state at low enough values
of ¥N toward a microphase separated state character-
ized by long range order in its composition at higher
xN values. In diblock copolymer solutions in good
solvents, the unfavorable interactions between the
blocks are diluted by the solvent and the ODT is more
easily accessed even for copolymers with high N.14.15 In
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semidilute solutions, yN is renormalized®!4¢ as y*N O
ANg1~2/B=1) = +N¢1-59, with v the Flory exponent (v =
0.59 in good solvents) and z = —0.225. Below, we
discuss semidilute entangled solutions of nearly sym-
metric diblocks with large N, N/Ne(¢) > 1; Ne(¢) is the
mean number of links between entanglements along the
chain at concentration ¢.

In a recent paper,’® the dynamics of the order
parameter fluctuations in disordered diblock copolymer
solutions near the maximum of the static structure
factor, S(g), were addressed in the proximity to the
disorder-to-order transition (ODT). The main aim was
to assess the thermodynamic effects on the internal
copolymer process, and hence, measurements were
necessary near the maximum of S(gq). Extending that
work,6 we present in this paper a thorough theoretical
and experimental study of the intermediate scattering
function S(q,t) for disordered diblock copolymer solu-
tions near ODT for qRy ~ O(1) (Ry being the radius of
gyration) and over a wide time range (1075—103%s). The
synthesis of a very high molecular weight (MW) diblock
copolymer was crucial for the experimental part of the
present study; the very high MW was needed in order
to place qc ~ O(L/Ry), at which S(q) attains its maxi-
mum, in the light scattering q range. In order to
investigate the disordered state, semidilute solutions in
a neutral good solvent are used. The observed relax-
ation processes are (i) the cooperative diffusion which
is identical to semidilute homopolymer solutions, (ii) the
internal copolymer mode which shows clear evidence of
the effects of the proximity to ODT in both the static
light scattering intensity and the relaxational dynamics
as the copolymer concentration is increased in order to
approach the ordered state, i.e., a slowing down of its
relaxation rate that accompanies the significant in-
crease of the static intensity, and (iii) an extra relax-
ation, faster and weaker than the internal, that appears
when the solution enters the entanglement regime,
which is much less influenced by the thermodynamics.
On the theoretical side, we present a general theory for
the calculation of the S(q,t) for entangled diblock
copolymer solutions using the RPA approach and the
classical reptation model.1’-19 A detailed comparison
between the theoretical and experimental S(q,t) identi-
fies two mechanisms for the relaxation of the order
parameter fluctuations, which relate to the slower
reptation relaxation internal mode and to a new faster
mode due to Rouse-like chain fluctuations inside the
“fixed” reptation tube; the refractive index contrast and
the large N make this Rouse process visible; the effects
of thermodynamics for the Rouse process are less
important. Careful shape analysis of the S(q,t) reveals
the exponentiality of the microdomain scale (~1/qc)
composition fluctuations near ODT. Theory quantita-
tively accounts for the combined characteristics of the
two processes; the polydispersity mode is not observed
by PCS due to the dominating intensity of the internal
process.

This article is arranged as follows: The complete
theory for the relaxation of composition fluctuations is
presented in section Il. Following the Experimental
Section 111, the detailed analysis of the experimental
intermediate scattering functions is presented in section
IV, and the results are discussed in relation to the
theory in section V. Finally, the concluding remarks
constitute section VI.

1. Theoretical Approach

11.1. Pure Reptational Relaxation Mode. For
simplicity in the paper, we consider a symmetric (Na =
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Ng) diblock copolymer system consisting of geometri-
cally similar blocks (same statistical segment, b, and
volume per link, v) with long enough chains, so that the
system is entangled, N = Na + Ng > N.. One can
distinguish two basic types of concentration fluctua-
tions: (i) fluctuations of total concentration ¢ = ¢a +
¢s and (ii) composition fluctuations characterized by the
order parameter n = (¢pa — ¢B)/2, where ¢a and ¢ are
the volume concentrations of A and B links. Fluctua-
tions of the total polymer concentration in diblock
copolymers can be described® in exactly the same way
as for the analogous homopolymer systems; the ampli-
tude of these fluctuations is inversely proportional to
the solution osmotic pressure and their diffusive (g?-
dependent) thermal decay rate defines the cooperative
diffusion coefficient in the solution. The amplitude of
fluctuations of total concentration is usually negligible
in experimentally interesting regimes (see below) in
comparison to that of composition fluctuations, which
is the focus on the present work. The latter define the
intermediate scattering function or dynamic structure
factor

S(@) = 1o(t)1_o(0)0 &)

where nq4(t) = f 5(r,t) exp(i qr) d® r, with i2 = —1.

The dynamic structure factor for block copolymer
melts and solutions has been theoretically considered
before? using the dynamic RPAZ0 approach; however, in
all those publications the Rouse dynamics (with no
entanglements) was considered. Relaxations of compo-
sition fluctuations for entangled block copolymer melts
(as well as for entangled homopolymer blends) were
investigated before? using the fluctuation dissipation
theorem,?! the dynamic RPA,?2 and the reptation model.1®
Taking into account that experimental data become now
available and that the original publication? is, in some
part, not detailed enough, a rather detailed consider-
ation of the entangled block copolymer in the melt case
following the main ideas of ref 2 is presented in the
Appendix.

A general expression for the Laplace transform of the
generalized susceptibility «(q,p) = Sy«(qg,t)e Pt dt has
been obtained? as

Ngq

F(u,0) — 2yxN @

«(q,p) =

where ¢ is the wavevector, p is the Laplace variable, ¢,
=1 is the polymer volume fraction, F(u,0) = 4(u? — ¢?)/
[¥(u,0) — P(u,u)], o = (Pt¥)¥?, u = PPR%2, Rg = aN2
is the radius of gyration of the chain, o = b/612 with b
the statistical segment length, ¥(u,0) = {2(u%/o)[1 —
1/cosh o] — o}/[o + u tanh ¢], and

N? 7o N®
* = = —_— —
Y=1>-"1 N, (3)

with D* = TN¢/(N&o/b?) the Rouse diffusivity along the
reptation tube,’® N, the characteristic number of seg-
ments for entanglements, and 7o = {b%T the micro-
scopic time with &y the friction coefficient per link.

The dynamic structure factor for pure reptational
motion is then represented as a superposition of relax-
ation modes:

Srept(@:t) = Z I (q) exp[—T'(a)t] (4)
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where the set of relaxation rates, I'k(q), and the intensi-
ties, Ik(q), can be calculated from

1@, TY =0, l=p Res,— gf@p)] ()

where Res means the residue of a pole singularity.

Generalization of the above treatment for the case of
block copolymer solutions is straightforward. The basic
eqs 2 and 4 hold also for a solution in exactly the same
form as for a melt with the only difference being that
now ¢ = ¢ < 1. Besides, a renormalization of the basic
parameters has to be taken care, i.e., of the typical
reptation time t*, the radius of gyration Ry, and the
effective interaction parameter y. For a good solvent,
these renormalizations are easily done using the blob
concept.l” The solution can be considered as a quasi-
melt of blobs with g = ¢~ links per blob, where v
= 0.59 is the Flory exponent. Thus, the following
substitutions in the above equations are a — &, N —
N/g, 7o — 7g = T0(&/a)® = 102", Ne — Ne* = Ne(¢)/g
(Ne* slightly decreases as concentration decreases?3).
The scattering function should also be multiplied by the
factor g since each unit (blob) now consists of g scatter-
ers. Here, & is the typical blob size, & = bg" = b¢~/v-1),
and 74 the Zimm relaxation time of one blob. Hence,

R, = OLI\IO.S(IS—(v—0.5)/(3y—1)

3
— %To N H22ED )

Ne(9)

The renormalization of the interaction parameter is less
trivial and has been considered previously;242514¢6 the
¥ parameter is appreciably screened by the presence of
good solvent,

X* — X¢(1_Z)/(3v_1) (7)

where z = —0.225 and y is the priming interaction
parameter characterizing a blend of A and B polymers.

Since in Leibler's mean-field approximation, the criti-
cal point corresponding to the ODT is predicted!? at y.*N
=10.5 and g.Ry = 1.95, where q. is the critical scattering
vector, the solution should exhibit a critical concentra-
tion for ODT at

¢ = [10.5/(XN)](3V—1)/(1_Z) ©

Taking into account all the renormalizations, the gen-
eralized susceptibility of the solution is obtained in a
form which is identical to eq 2 with the substitution y
— x*, whereas Sept(q,t) is also represented by eq 4.

The dynamics of composition fluctuations for arbitrary
g values can be characterized by the initial relaxation
rate, Q(q) = —d In S(q,t)/dt|t = 0 = Jklk(A)Tk(a)/Zklk(Q),
and by the mean relaxation time,® T(q) = —/t(3S(q,t)/
at)(dt/S(q,0)) = Yilk(@) k(@) 3klk(q), where 1k (q) and I'e-
(q) are defined in eq 5, and 7«(q) = 1/Tk(q) is the
relaxation time of the kth mode. The quantity [Q(q)-
T(g) — 1] is a measure of the deviation from a single
exponential shape; for a single exponential decay, this
nonexponentiality parameter is obviously exactly equal
to zero while for a nonexponential relaxation it is strictly

Macromolecules, Vol. 30, No. 20, 1997

positive. Both Q(q) and T(qg) can be directly calculated
using eq 4

Q@A) = i IF(U,0) — 2" NI@ — 4e™ + &) (9a)

T =& FUO [uFU0)1+ud

W FUu0) —2¢*Nl 12 1+4u

1| (9b)

The above equations imply the following asymptotic
behavior of the mean relaxation rate

_ |3t foru<1
QA = {1.5u/t* foru>1 (9¢)
and of the mean relaxation time
_Jo.4t* forux1
Tl = {t*/12 foru>1 (9d)

Note that the mean relaxation time is always of the
order of the reptation (disentanglement) time of the
whole block copolymer chain, t*. The relaxation is
nearly exponential in the region of small wavevectors,
where [Q(Q)T(q) — 1] = 0.2 for u < 1; however, it
becomes exceedingly nonexponential for shorter wave-
lengths, [Q(q)T(q) — 1] = u/8 for u > 1. Yet, near the
critical wavevector g; = 1.95/Rg, at which S(q) attains
its maximum value, the deviations from a single expo-
nential representation of S(q,t) are still small: [€2(qc)-
T(ge) — 1] = 0.22; i.e., the higher-order modes are not
important near g.. Note that, according to eqgs 9, the
nonexponentiality parameter does not depend on the y*
parameter.

The asymptotic behavior of the solution dynamic
structure factor in the region gRy < 1 is relevant with
respect to experiments with low MW diblock copolymers.
For gRy < 1,

Srept(q 1) =

4
2 2
#Ng'R,” —

1 \ 22k + 1)2 t‘
Z— exp| - —— —| (10)
T2k + 1)*

t*

which does not depend on the y* parameter in this
region; k is a positive integer or 0. The relaxation rate
and the intensity of the main mode (k = 0) are

I, = 7%/(4t%); lo = 4)¢Ng’R,>  (11)
Note that the first higher-order mode (k = 1) is 9 times
faster and 34 = 81 times weaker than that of the main
mode (k = 0). The ratio 11/l becomes even smaller than
1/81 in the vicinity of the ODT (numerical calculations
show that, in the region g/q; = 0.5—1, ¢/¢po = 0.5—1,
where most of the measurements reported in the
Experimental Section were performed, the ratio I11/lg is
smaller than 1/100). Therefore, it is hardly possible that
the higher-order reptation modes could be observed
experimentally.

11.2. Reptation and Tube-Length Fluctuations:
The Rouse Mode. In the preceding section, S(qg,t) was
derived based on the pure reptation theory, in which
all monomers of a chain are moving with the same
velocity along the tube axis. However, even in the
deeply entangled regime, the conformational dynamics
of polymer chains is always a combination of reptation
and Rouse-like motions. In the region gRy < 1, the most
important Rouse motions relate to chain conformational
fluctuations inside the tube, i.e., fluctuations of the
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curvilinear distance between any two monomers. The
corresponding Rouse relaxation of a reptating chain was
considered by de Gennes?® for the case of a homopolymer
system and for gRg > 1. In this section, the theory is
extended to include the case of block copolymers and
consider also the regime gqRq < 1.

Prior to the quantitative approach, we present first
the basic physical picture leading to the characteristic
features of the dynamic structure factor due to Rouse-
like motions, Sg(q,t). In a thought experiment, it is
assumed that a weak external field, for example
Ue(r,t) = —e sin (qy)H(t), is applied to the ideal block
copolymer system (with no excluded volume or y inter-
actions) at t = 0; y is one Cartesian axis and H(t) is the
Heaviside function. Using eq A.1 in the Appendix, that
relates the average linear response of a system to an
external perturbation field to the susceptibility, the
time-dependent order-parameter, n(r,t) = nq4(t)sin(qy),
induced by the field, is directly related to the scattering
function

1q(t) = [S(a) — S(a,)]e/T (12)

Since Ut js actually the difference Ua®t — Ug®, it is
assumed without any loss of generality that U &t =
—Ug®t = —¢ sin(qy)H(t)/2. The two blocks of a particu-
lar chain are influenced by this field (for simplicity, only
the case gRy < 1 is considered here), subjected to two
opposite external forces, fa = —(N/2)(0Ux®Y3y) = Nge
cos(qy)/4 and fg = —(N/2)(0Ug®Ydy) = —fa; assuming for
simplicity that the chain is located near the origin aty
=0, fa = Nge/4 = f, and fg = —f. Obviously, these two
forces will induce a “polarization” P of the chain in the
y-direction via a shifting of the centers of mass of two
blocks in opposite directions; the vector P connects the
centers of mass.

Two basic mechanisms of this polarization can be
distinguished: (i) due to changes of the tube conforma-
tion and (ii) due to additional elongation or compression
of parts of the flexible chain along the fixed tube. The
characteristic time and intensity associated with the
first process (=reptation) were given in eq 11. The
second process corresponds to one-dimensional (curvi-
linear) Rouse motion of the topological blobs along the
tube. Therefore, the longest relaxation time associated
with the second process is the Rouse time of a linear
chain of ne = N/N(¢) topological blobs (entanglements),
i.e., Tr ~ TeNe?, Where 1 = 74(Ne*)? is the Rouse-Zimm
relaxation time of one topological blob, and, hence

T = iz - PRI\ (13a)
3
which is clearly shorter than t* (eq 6).

As for an electrostatic system, the order parameter
(which is analogous to “charge”) must be proportional
to the divergence of polarization: n ~ ¢ div P ~ ¢qP.
An estimate is now made for the polarization, P,
associated with the two mechanisms mentioned above.
For times of O(t*), the equilibrium polarization can be
found by balancing the decrease in potential energy of
the chain, Pf, and the corresponding elastic energy, Fe
~ TP?/Ry?; thus, P ~ RZf/T. Using eq 12, one can obtain
the intensity of the reptation mode as lept ~ nT/e ~
¢Ng?R4%, which is, in fact, in agreement with eq 11.
Alternatively, on a shorter time-scale, of O(zgr), the tube
conformation is nearly fixed, and, therefore, the inten-
sity of the Rouse mode is connected to the polarization
Pr induced by the external force in a nearly fixed tube,
i.e., by stretching the two blocks along the tube on some
length AL,; then Pr ~ (AL/L{)Ry. Balancing the corre-
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sponding elastic energy, Fei ~ Tne(AL/L¢)? = T(AL)*/Rg?,
with the potential energy Pgf, one gets Pr ~ Rg?(f/T)-
(R¢?/Li?) ~ Rg2(fIT)Ine. Thus, the intensity of the Rouse
mode is

I ~ ¢9°R,°N(¢) (13b)

Note that the ratio of the intensities of the two modes
is of order of the number of entanglements per chain:
lrept/IR ~ Ne, similar to the ratio of the corresponding
relaxation times (egs 11 and 13), trep/Tr ~ t*/TR ~ Ne.
The effect of y-parameter on the Rouse mode should
be much weaker than for the longer scale reptation
motion (eq 9) based on the following arguments. The
molecular field associated with the y* parameter is Umo!
= —2y*Tyl¢, where the highest possible value of y* in
the disordered state is yc* ~ 1/N. Since the typical
composition fluctuation that develops during the Rouse
stage, is n ~ Ire/T, the upper boundary for the molecular
field is U™ = ¢/n,. Therefore, during the Rouse stage
the molecular field can be neglected in comparison with
the external field of O(¢), so that the results obtained
for the athermal (y = 0) case are more generally valid;
in this regime (t ~ tr, p ~ 1/7g, Ne > 1) the relaxation
characteristics of the interactive system and of the
corresponding ideal system must nearly coincide.
Toward a quantitative derivation of the intermediate
scattering function Sg(q,t) corresponding to the curvi-
linear Rouse motion, the melt case is considered first
(¢ = 1). The dynamic structure factor can be obtained
(eq 12) from the system response, 74(t), to weak external
fields Upa®(r,t) = —(e/2) exp(—i qr)H(t), Ug®(r,t) =
—Ua®Y(r,t). A block copolymer chain is considered,
which is confined in a tube created by surrounding
chains; the topological interactions (entanglements) are
still present in the otherwise ideal system. The im-
mediate response of the chain to the field on scales
larger that the tube diameter, de, would be a shift of its
segments along the tube: s(n,t) = s(n) + x(n,t), where s
is the coordinate along the tube axis. The corresponding
field-induced order parameter related to this shift is

7q(t) = (1/2)(@o/N) Y xp[—i aR(s(n) + x(n, )] -
exp[—i gr(s(n))]th(n) (14a)

where the function R(s) specifies the tube axis, so that
R(s(n)) is the initial conformation of the chain. Assum-
ing that the spatial displacement of a monomer AR =
IR(s(n) + x(n,t)) — R(s(n))| ~ (x(n,t)/L)Y?Ry is small
compared to the wavelength 1/q (this assumption is
verified below), 74(t) is rewritten as?’

1 %o dn 0] .
(1) = > ﬁzh(n)gg(n,t)a—n expliq r(n)]D (14b)

where dn/ds = NJ/L; is the averaged one-dimensional
density of the chain along the tube. The master Rouse
equation which governs the one-dimensional dynamics
of the chain in the tube can be written as

ax T 8%
CogzzzﬁJr g(n,1) (15)
where
_ U _ _dnaU _ N, 9 (€ iqrm)
9.y = ds ds an Lth(n)an(ze )H(t)
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is the external force acting on the nth monomer. The
solution of the Rouse equation, with boundary condi-
tions ax/an = 0 for n = 0, N, can be represented in the
form

x(nt) = [ Kp(n,n)g(n',t)dn’dt’  (16a)
with
K(n,n') = LZ cos(m) cos(ﬂ) exp[—tl*/zg]
Neo N N (16b)

where 7r = 79N?/(37?) is the Rouse time, and | = 0, £1,
+2 ...

Using egs 14—16, the average order parameter is
calculated as®®

1n4(t) =
eNggp, 1 — exp[—tl*/zg]
S [dndn’ h(nh(n") x
122°T 12
Cos(m) Cos(n—l_n)i i@iqr(n)fiqr(n')[l
N N /on on'

Assuming Gaussian statistics, [BiarM-iar(MJ= exp[—
g2a2ln — n'|] and using eq 12, one gets the contribution
to the scattering function due to the one-dimensional
Rouse-like motions:

Ne¢0 2
Sk(Q,t) = —ZZJ, exp[—tl*/zg] (18a)
6

where
1 , , 7ln
J, —I—fodn dn h(n)h(n)cos(W) x
mn\o 9 o 2.2
cos( N )8n ey exp[—g“a|n — n'|]] (18b)
and | is now a positive integer, | = 1, 2, ... The mode

with | = 0 corresponds to a reptation of the chain as a
whole along the tube (already considered in section 11.1),
whereas the fluctuations inside the tube give rise to a
number of Rouse modes with usual relaxation times g,
‘L'R/4, TR/9,

Evaluation of the integrals in eq 18b results in a
rather complicated general expression for the reduced
intensities

3= =21 4”M'] (19)

(4u? + 71%)?
with u = g2R¢%/2 and
(U + 2)(4u® + 7%1%) — 12u® + 4u%e 2 +
8rule Y(—1)" V2 jf | = odd
u(du® + 721 — 12u® — 4u%e ™V +
16u’e Y(—1)"2 if | = even

Ml_

One may consider the Rouse relaxation in the two
asymptotic limits u > 1 and u < 1. For u> 1,

27’y 4+ 2(-1)"

Caud + AP 12

3, (20)
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Equation 20 implies two well-separated sets of relax-
ation modes with | ~ u and | ~ 1 corresponding to the
first and the second terms in the right-hand side; the
corresponding relaxation times are 7rst ~ TrRIUZ ~ 7o/
(g*a?) and 7gow ~ Tr ~ ToN2. The fast modes with 7,se O
g~ were first predicted in ref 26 for a homopolymer
system (in the regime qRg > 1, block copolymers and
homopolymers should show similar relaxation behavior).
However, the slow modes with Rouse relaxation time
7r Were overlooked.?® Physically, the slow modes rep-
resent the effect of chain tails, whereas the fast modes
are due to relaxation of internal parts of chains. Note
that the slow modes are not really negligible as their
amplitude, Jsjow = ¥ 12772U/(4u2 + 7212), is actually equal
to that of the fast modes: Jsjow = Jrast = 7%/2. Alterna-
tively, in the u < 1 limit, J; = 2u/I?, and, thus, the main
contribution to the intensity Ig arises from the main
mode, | = 1; higher-order Rouse modes can be neglected
within a semiquantitative treatment. The same quali-
tative situation also holds for the intermediate region,
u~1(i.e., for qrg ~1).

The generalization for the case of semidilute solutions
(¢ < 1) in agood solvent is straightforward by carrying
through the renormalizations described in section 11.1.
Thus, the time of the main (I = 1) Rouse mode is given
by eq 13a, while its intensity (see eq 18) is Ir =
(1/672)pNe(¢)J1, where J; = J1(u) is defined in eq 19. In
particular for u < 1 one gets

1
lg = @M@)qugz (13c)

in agreement with eq 13b.

11.3. Scattering by Total Concentration and
Composition Fluctuations. The composition fluctua-
tions can relax via the two motional mechanisms
described in sections 11.1 and 11.2. Since these can occur
simultaneously at different places, the total scattering
function is a sum of the reptation and Rouse contribu-
tions, i.e.

S(q,t) = Srept(qvt) + SR(Qat) (21)

with Srepe(q,t) and Sg(q,t) given by egs 4 and 18,
respectively.

The total concentration fluctuations, on the other
hand, relax via the cooperative diffusion mode.1”1°
Similarly to semidilute solutions of linear homopoly-
mers, the diffusive relaxation rate increases with con-
centration ¢, whereas its intensity, lcop, decreases with
¢ in clear distinction with eqs 11 and 13. Further, the
two intensities leep and lrepe can be quite different. In
fact, for y = 0, the intensity of the main reptation mode
for composition fluctuations is lo ~ (na? — ng?)?N¢ (eq
11 for qRy ~ 1). On the other hand the intensity of the
cooperative mode is leoop ~ (% — Ns?)2¢g. Here na, Ng,
and ns are the refractive indices of pure A and B
components and the solvent, respectively, and n is the
average refractive index of the copolymer. For a high
molecular weight diblock with N ~ 104, the number of
links per blob at a typical concentration ¢ = 5% can be
estimated as g 0 ¢~ 3~12 ~ 50, Therefore, the relative
intensity of the cooperative mode is very small: l¢op/lo
~ g/N ~ 1/200.

I11. Experimental Section

Materials. The synthesis of the very high molecular weight
poly(styrene-b-isoprene) diblock, SI-1M, was performed at
room temperature in evacuated, n-BuLi washed, and benzene
rinsed glass reactor, provided with constrictions and break-
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Figure 1. (a) Size exclusion chromatograms of the polystyrene
(PS) precursor and the unfractionated SI-1M diblock copolymer
(UV and RI detector). (b) Size exclusion chromatograms (RI
and UV detector) of the fractionated SI1-1M diblock copolymer.

seals, using s-BuL.i as initiator. Extra purification procedures
for monomers, initiator, and solvents were required due to the
very low initiator concentration needed (~10-5 mol for 10 g of
copolymer), which was carried out in a purged with n-BuLi
apparatus. Dibutylmagnesium was used for the purification
of styrene (Merck) and n-BuL.i for isoprene (Fluka). Finally,
the purified monomers were distilled in purged with n-BuL.i
ampules. The initiator, s-butyllithium, was prepared from
s-butyl chloride and lithium dispersion. Following this pro-
cedure, the initiator was diluted in a purged with n-BuLi
apparatus with calibrated ampules. Initially, the poly(styryl-
lithium) block was prepared and a small aliquot was removed
for characterizaton (Figure 1a). The polymerization was
completed after the addition of the isoprene monomer and took
2 days.

Fractionation of the final diblock copolymer was performed,
in several steps, by adding methanol (nonsolvent) to the
copolymer solution (~0.1 vol %) in a mixture 1:1 by volume of
toluene (solvent for both blocks) and hexane (solvent for PI).
The fractionation was monitored by size exclusion chroma-
tography (SEC, THF, 30 °C) with differential refractive index
(DRI) and UV detector operating at 266 nm (UV266). The UV
detector at 266 nm monitors only the polystyrene part of the
copolymer. The SEC traces of the unfractionated copolymer
(Figure 1a) revealed some expected termination of the poly-
(styryllithium) by the minimal yet unavoidable impurities in
the added isoprene. The impurities are very influential due
to the active centers. The terminated polystyrene precursor
was removed by the fractionation, as shown in Figure 1b.

Low-angle laser light scattering (LALLS, THF, 25 °C), laser
differential refractometry (THF, 25 °C, dn/dc = 0.150 mL/g),
1H- NMR (CDCls3, 30 °C), and UV (THF, 269 nm) measure-
ments were performed for molecular and compositional char-
acterization; the characteristics of the diblock and of the
polystyrene precursor are shown in Table 1. These results
indicate a high degree of molecular and compositional homo-
geneity. Very high molecular diblocks have been synthesized
before,®° as well, for the investigation of their optical proper-
ties.
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Table 1. Sample Characteristics

PS
species M,2 Mw/M,, content  Ne fpsf PopT?

PS block 4.65 x 10> 1.05 1.000 5210 1.000
SI-1M 1.04 x 106 1.10 0.447° 12477 0.413 between 7.1
and 7.5 wt %

(0.442°)
(0.4449)

a By low angle laser light scattering in THF. P Calculated from
the My's of the PS precursor and the diblock. ¢ By 'H-NMR. 94 By
UV. ¢ Based on average segmental volume for both the diblock and
the PS block. f Polystyrene volume fraction. ¢ Obtained from de-
polarized dynamic light scattering.

A very low concentration (<0.5% by weight) copolymer
solution in HPLC grade toluene solvent is initially prepared
and filtered through a 0.22 um Millipore filter directly into
the dust-free light scattering cell (10 mm). During the
measurements the cell was closed air-tight to avoid evapora-
tion of toluene. The concentration was checked before and
after each measurement by weighing the solution. The
concentration is then gradually increased by slow evaporation
of small amount of solvent and weighing the resulting solu-
tions. All the concentrations reported here (2.4—7.5 wt %) are
well above the overlap concentration ¢* = 0.2 wt %.

Photon Correlation Spectroscopy (PCS). The autocor-
relation function of the polarized light scattering intensity, Gy~
(g,t) = Ow(g,t)lw(g,0) I\ (q,0)3, with I\(q,0) the mean light
scattering intensity, is measured at different scattering angles,
6, using an ALV spectrophotometer and an ALV-5000 full
digital correlator over the time range 1077—10% s. Both the
incident beam from an Adlas diode pumped Nd-YAG laser,
with wavelength 4 = 532 nm and single mode intensity 160
mW, and the scattering beam were polarized perpendicular
(V) to the scattering plane. g = (4zn/A) sin(6/2) is the
magnitude of the scattering vector, with n the refractive index
of the medium. In quasi-elastic light scattering under homo-
dyne conditions, Gyv(q,t) is related to the desired relaxation
function, C(q,t), by

C(a,t) = {[Guy(a.t) — 1]/f*}*? (22)

where f* is an experimental factor calculated by means of a
standard. The amplitude a =< 1 of the C(q,t) is the fraction of
Ow(q,0)0Owith decay times slower than about 1077 s.

Figure 2 shows the g-dependence of lww = Ovw(q,0)0 the
total light scattering intensity normalized to that of toluene
for the SI-1M solutions in toluene as a function of copolymer
concentration. The significant g-dependence at higher con-
centrations is due to the correlation hole maximum?? in
disordered diblocks near q; the very high MW of the diblock
allowed the investigation of this regime by light scattering,
although only the left side of the peak could be measured in
the available light scattering g-range. In the inset, a dramatic
increase of the scattering intensity for the 7.5 wt % solution
as compared to 7.1 wt % is evident, as well as a much sharper
g-dependence for the 7.5 wt %, due to the transition to the
ordered state; this is verified by depolarized light scattering,!
to be presented separately.®? As will become evident below,
this increase in the total light scattering intensity is essentially
associated with the main internal block copolymer relaxation
discussed in section I1.1.

IV. Data Analysis

The high quality of the intermediate scattering func-
tion C(q,t) over a broad time range (see figures below)
facilitates the unambiguous extraction of detailed in-
formation with regard to the number of distinct relax-
ation modes and the shape of the dominant structural
relaxation process near q; (eq 21) in an interacting
diblock copolymer system. We perform below an inter-
active data analysis, in the sense of mutual consider-
ation of experimental and theoretical evidence, proceed-
ing from the classical cumulant to the Laplace inversion
technique.
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Figure 2. Total polarized static light scattering intensity normalized to that of toluene versus the wavevector for a series of
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Figure 3. Normalized intermediate scattering function S*(q,t) for the 2.4 wt % SI-1M/toluene solution at 23 °C for five scattering
angles 150° (), 115° (O), 90° (2), 75° (v), and 60° (<) plotted against g?t. Upper inset: short-time behavior. Lower inset: relaxation

function C(q,t) for g = 0.034 nm~* (6 = 150°) versus time.

IV.1. Cumulant Technique. In this section, we
examine C(q,t) at two extreme concentrations far and
near ¢opt at 23 °C but much above the overlapping ¢*.
Figure 3 shows the normalized intermediate scattering
function S*(q,t) = S(q,t)/S(q) = C(q,t)/a versus g2t for
2.4 wt % solution (¢ = 12¢*), and five different wavevec-
tors between 0.018 and 0.034 nm™! at 23 °C. The
attainability of a plateau at short times of the experi-
mental C(q,t), plotted versus time in the lower inset of
Figure 3 does not impose a significant error in the
normalization procedure. The value of the amplitude
a compares well with that obtained from the represen-
tation of C(q,t) by a superposition of exponentials (eq

25 below) and/or double stretched exponentials [exp(—
(t/0)), B < 1, eq 24], where applicable. The representa-
tion by the cumulant expression

In C(q,t) = In a — Dot + %ﬂzDz(qzt)2 -

1

§u3D3(q2t)3 + ... (23)

results in only a moderate fit quality in the examined
¢ range (discussed also below) and, thus, cannot provide
reliable values of a. The lack of superposition of
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Figure 4. Short- (®) and long-time (M) effective diffusion
coefficient for (a) the 2.4 and (b) the 7.1 wt % SI-1M/toluene
solutions at 23 °C plotted in reciprocal form versus g2. For
comparison, the inverse of the effective diffusion coefficient D
= Tin/g? (O) and the intensity lint (a) of the main relaxation
process obtained from the ILT of the C(q,t), eq 25, are also
shown.

S*(q,t) vs g%t in Figure 3 clearly demonstrates nondif-
fusive (g?t) behavior and indicates the presence of
distinct relaxations in contrast to the single transla-
tional diffusion below ¢*. Hence, eq 23 cannot ad-
equately describe the strongly nonexponential total
C(q,t) over the whole g2t range.

Similarly to the dynamics of density fluctuations in
hard sphere colloids,3® one may describe the decay of
C(q,t) separately at short (upper inset of Figure 3) and
long times (Figure 3) by single exponentials; such fits
define an initial short-time diffusion coefficient, Din(q),
and a long-time diffusivity, D, (q), both shown in Figure
4a. The presence of at least two relaxation processes
is conceivable since total concentration, ¢ = ¢a + ¢s,
and composition, 7 = ¢a — ¢s, fluctuations relax by
cooperative and structural relaxation, respectively (see
section 11.3). While the relaxation rate of the former is
purely diffusive (I = D.q?), the characteristic relaxation
rate of the latter deviates from the g?-dependence, i.e.,
D(q) = I'(q)/g? depends on g. The g-dependence of D, -
(q) plotted in reciprocal form for comparison with lin-
(9), the intensity of the main mode obtained from the
inverse Laplace analysis below, supports the relation
DL(9) ~ [lint(@)]~1. However, the initial Din(q)[ = {1 —
a(q)} D¢ + a(g)D(q)] decreases also with g, because of the
apparent reduction of the relative amplitude of the
cooperative mode, {1 — a(q)}.

The similarity between the amplitudes of the two
processes and the closeness of the rates at this concen-
tration hinders a detailed shape analysis. However, the
simplest double exponential fit to the experimental
C(g,t) at g = 0.018 nm~ (9 = 60°) and q = 0.034 nm~!
(0 = 150°) yields clearly systematic deviations. Since
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concentration fluctuations decay exponentially with a
faster rate I'c, we replace the second exponential by a
stretched one for the dynamics of the composition
fluctuations. In fact, this function can represent well
these two typical correlations with 7. = 62 us, t = 1.1
ms, and 8 = 0.63 for 6 = 60° and 7. = 17 us, 7 = 0.49
ms, and g = 0.72 for 6 = 150°; I'; = 1/, scales expectedly
with g2. An unexpected finding is the apparent nonex-
ponential shape of the structural relaxation revealed
also from the cumulant analysis (eq 23) of the long-time
decay of C(q,t) (g2t > 107 s/cm?) where x> amounts to
0.25 and 0.12, respectively, for § = 60° and 150°. Due
to the reverse concentration dependence of the coopera-
tive and the structural relaxation processes, the resolu-
tion of these modes should increase at higher concen-
trations.

Figure 5 shows the experimental S*(q,t) for the 7.1
wt % solution (¢ = 35¢*) near ¢opt at four different
wavevectors. While the nondiffusive decay is obviously
retained, the nonexponentiality (deviation from the
slope —1) of C(q,t) at long times and for the highest
wavevector near q. (Figure 2) is significantly reduced.
At this wavevector, the structural relaxation dominates
and C(q,t) can provide information on the detailed shape
of the temporal decay for the most probable composition
fluctuations with wavevector q ~ q.. The single expo-
nential decay at long times (solid line in Figure 5) covers
more than 1 decade in time necessary to relax it;
deviation at short times suggests the presence of ad-
ditional fast process(es). This becomes evident from the
failure of eq 23 to describe the full C(q,t) and the
applicability of the function

C(a,t) = a(q) exp[—(T)"] + a(q) exp[-T 1] (24)

to represent the experimental C(q,t). The distribution
parameter 5; = 0.4 for the fast process(es) is significantly
less than 1 implying a broad distribution of relaxation
rates I't. Since long wavelength total polymer concen-
tration fluctuations decay exponentially with T'; = D.g?,
this low value of g indicates the presence of an ad-
ditional fast process in C(qg,t) at short times. To
elucidate the short time dynamics, we examine the
shape of C(q,t) after subtraction of the slower exponen-
tial decay (second term in eq 24). As shown in the upper
inset of Figure 5 for two wavevectors, this strongly
nonexponential fast decay cannot be well represented
by the cumulant expression of eq 23. Therefore, the
analysis is not consistent with a single broad process
at early times but it provides evidence for an extra
decay. Indeed, a bimodal function similar to eq 24 was
found to provide much better fit to this fast part of the
correlation function (in the inset of Figure 5) with
exponent 0.9. Taking the exponentiality of the fastest
cooperative diffusion process for granted, the analysis
of the early and intermediate time decay reveals the
diffusive nature of the cooperative process as well as
an extra process (faster than the slower process in
Figure 5), which bears the characteristics of the pre-
dicted Rouse mode (section 11.2); its intensity increases
with g, whereas its relaxation rate is g-independent (see
eq 13). Note the diffusive (g2t) scaling only for the initial
decay of S*(q,t) in the inset of Figure 5. As a matter of
fact, a sum of three exponentials can well represent the
full C(q,t).

On the basis of these findings, it is evident that three
relaxation processes control the intermediate scattering
function of the SI-1M near ¢opt at q ~ .. The dominant
contribution (=92% of the total amplitude) arises from
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Figure 5. Normalized intermediate scattering function S*(q,t) for the 7.1 wt % SI-1M/toluene solution at 23 °C for five scattering
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solid lines represent a single exponential decay. Inset: short-time behavior for g = 0.018 nm~* (6 = 60°) and 0.034 nm™! (§ =
150°) versus gt where the lines are the best fits with eq 23, which cannot represent the data.

the structural relaxation due to rearrangements of the
two blocks and exhibits an exponential shape (eq 4), in
agreement with the predicted small nonexponentiality
factor, [Q2(9)T(g) — 1], near ODT. Its effective diffusion
coefficient, D_(q) = I'L.(9)/q?, describing the decay of
composition fluctuations with wavevector g is shown in
Figure 4b along with the short time D;,, and the
intensity of the main mode lin(q). The observed g-
dependence is clearly much stronger near than far
(Figure 4a) from ¢opt. The strong g-dependence of D, -
(9,t) resembles that of lin(q) reflecting the effects of the
thermodynamic interactions. Near ¢opt, Din = [1 —
a(q)]D. shows also a strong g-dependence compared to
the 2.4 wt %, which is again due to the stronger
g-dependence of a(q). The strong evidence for the
presence of three relaxation processes in the experi-
mental C(q,t) in the concentration regime 3.3 to 7.1 wt
% supports the delicate Laplace inversion for a quan-
titative description of the full dynamic structure factor.

IV.2. Laplace Inversion. Figure 6a shows the net
polarized intensity autocorrelation functions, C(q,t), for
the 4.7 wt % SI-1M solution at 23 °C and various
scattering angles. The experimental correlation func-
tions are analyzed by performing the inverse Laplace
transform (ILT) of C(q,t), without assumption of the
shape of the distribution function L(In 7) but assuming
a superposition of exponentials:

c@t= [T Linoexp[-tld(int) (25

This determines a continuous spectrum of relaxation
times L(In 7); the average times obtained from the peaks
of L(In 7) are used to determine the characteristic
relaxation times, whereas the integral under the peaks
of L(In 7) gives the dynamic intensity associated to the
specific relaxation. For comparison, the distributions
L(In 7) multiplied by lwtal, the total polarized intensity
normalized to that of toluene, are shown in the inset of
Figure 6a for various angles. Figure 6b shows C(q,t)
for the 7.1 wt % SI-1M solution at 23 °C and various

scattering angles, whereas the inset shows the wavevec-
tor dependencies of the relaxation times and the respec-
tive intensities of the processes identified by the ILT
procedure as in the inset of Figure 6a. The relaxation
rate and intensity of the main (slower) process are also
shown in Figure 4b.

Three relaxation processes are observed to contribute
to the experimental correlation functions, in agreement
with their cumulant analysis above (section 1V.1). The
characteristics of the fast mode are a g-independent
amplitude (inset of Figure 6b) which decreases with
increasing concentration (it is barely seen for 4.7 wt %
in Figure 6a, whereas it is much more pronounced at
lower concentrations!®) and a relaxation rate that shows
a g2-dependence (Figure 6b) with a diffusion coefficient
which becomes faster when concentration increases (not
shown). According to the discussion in the theoretical
section 11.3, this process is the well-known cooperative
diffusion mode of the copolymer molecules® above the
overlap concentration, that corresponds to the relaxation
of the total polymer concentration and is similar to the
mode observed in homopolymer solutions; this is verified
by PCS measurements on solutions of a 1.1 x 108 MW
polystyrene in toluene.

The amplitude of the main slower process increases
significantly as concentration increases, whereas its
dynamics becomes slower. Its intensity exhibits a
noteworthy wavevector dependence, i.e., it increases
significantly at higher wavevectors; note that, in most
of the situations investigated with dynamic light scat-
tering, the intensities are either independent of q (e.g.,
for the cooperative diffusion discussed above or for the
polydispersity diffusive relaxation*619 in diblock copoly-
mers or the interdiffusion in polymer blends!®€) or they
increase at low wavevectors when large scatterers are
involved. The present behavior reflects the g-depen-
dence of the total polarized light scattering shown in
Figure 2; i.e., it is related to the correlation hole peak
in disordered diblock copolymers. At the same time, the
relaxation rate of the slower process exhibits a weak q



Macromolecules, Vol. 30, No. 20, 1997

a 1.0

IR T
L 7 (0&[(('4(! T

e
S50

0.0

Dynamic Structure Factor of Diblock Copolymers 6289

L 1 | N 1 L

v T L}
1.0 P [ A n
I3 Ll U T A
P00 lil) -
*‘.C"‘\'"“~"'o,(""”t'dw. Ty My 100 ¢ A 3
D R Iy [ A 1 y
A €, r"h a A
i
B ADOE ) q i -
0.8 | T S iy R 10 { 1
’ ) o A x ¥ x
Ly, 'r,' oy *
5 2 Q@ 5 % g
o D, QT I & = ® @ s BB
— ' e 1 R 1 '
~~ L 2 A 1 5 5 5 -
%" 06 e 1x10 2x10 3x10
- 5 O
o 10° — 23 ¢
~ - 3 . R ]
O T )
— 040 ] ! % ]
: @ : % * % 2
3 * WK D
L10°F * 1 F.Xa
P~ ‘:'Al 7
[ A .:“)v
3 A 1 oL,
02 E A 4 amj o¥) -
O 1 ...l"l
10 5 * 5 - 5 @) ll///,l
3 1x10 2x10 3x10 ”'o-'f- 2n b ]
-1 v )
q{cm’) o, R0 (b)
0.0 Sy AN i wanrwravmesd
5 5 -4 -3 .2 -1 0 1 2
10 10 10 10 10 10 10 10 10

Figure 6. (a) Correlation function C(q,t) for a 4.7 wt % disordered SlI-1M/toluene solution at 23 °C for three scattering angles
135° (O), 90° (O), and 45° (»). The distribution of relaxation times obtained from the ILT of the experimental correlation functions
multiplied by the total polarized intensities normalized to the intensity of toluene are shown in the inset. (b) Correlation function
C(q,t) for a 7.1 wt % disordered SlI-1M/toluene solution at 23 °C for three scattering angles 150° (O), 90° (O), and 45° (A). The
wavevector dependence of the normalized polarized intensities (upper inset) and of the relaxation rates (lower inset) for the three
relaxation processes obtained from the inverse Laplace transform analysis: (M) cooperative diffusion, (a) internal block copolymer
mode, and (*) newly discovered process attributed to Rouse-like motions of the blocks between entanglements inside their tubes.

The solid line in the lower inset indicates slope 2.

dependence for the 4.7 wt %, whereas it shows a slight
slowing down as the wavevector increases for the 7.1
wt %. This variation with q is in accordance with the
g-dependence of the effective D.(q), eq 24, of Figure 4b.
As will be discussed below, this slowing down is due to
thermodynamics, i.e., due to the solution approaching
the ordered state. An even stronger slowing down is
observed for the 7.5 wt % solution, which is ordered but
very close the ODT. This is the main internal copolymer
mode discussed earlier.

The intermediate mode is a new process that was
observed for the first time in the present SI-1M/toluene
system;6 it appears in the correlation function only

above about 3 wt % and, overall, its characteristics show
a weaker wavevector dependence than the internal
mode. Moreover, its intensity is about one-tenth that
of the internal mode and its relaxation rate is about 1
order of magnitude faster. In our earlier paper,!® this
process was attributed to Rouse-like chain conforma-
tional relaxation within the reptation tube based on a
good agreement of the experimental findings with
semiquantitative theoretical predictions (eq 13). Below,
we will show that this assignment is further supported
by the agreement with the quantitative theoretical
approach presented in section 11.2 above.
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V. Comparison with the Theoretical S(q,t)

The main mode in the experimental S(q,t) is always
the slow process, which is the internal block copolymer
relaxation process. This relaxation mode is identified
with the main reptation mode discussed in section 11.1.
The intensity lint = Ik = 0 and the relaxation rate Tint =
I'k = o of this mode are defined in egs 4, 5, and 11 (k =
0 corresponds to the lowest rate, i.e., the lowest I'y).

In order to compare the experimental data with the
theoretical predictions, one needs to determine the
concentration dependence of the molecular weight be-
tween entanglements, Ne. Since there is no formal
theory accounting for either the effective N, for a block

copolymer or the Ne(¢) dependence in the whole con-
centration range, Ng(¢) for the diblock copolymer is
estimated using the data for pure polymers3* and a
mixing rule proposed for the plateau modulus of a
homogeneous polymer blend3® (already applied before3¢
for block copolymers). The results in the concentration
range 3—7.5% can be empirically represented by Ne(¢)
= 94/¢. Thus, the number of entanglements per chain,
ne = N/Ne(¢), varies in the range ne = 4—10.

Figure 7 shows the comparison between the experi-
mental results for the intensity (Figure 7a) and the
relaxation rate (Figure 7b) of the internal copolymer
mode and the theoretical predictions for lo and I'p (for k
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= 0) for different concentrations as a function of the
scattering wavevector. As also indicated in Figure 6,
the g-dependence of the intensity mirrors that of the
total scattering intensity signifying that the dependence
in Figure 2 is essentially due to this process. When the
solution attains the ordered state (7.5 wt %), there is
again a dramatic increase of the intensity associated
with this particular process. The relaxation rate of the
mode displays subtle changes with the wavevector (see
also Figure 4) for all the concentrations up to 6.5 wt %;
it shows a weak slowing down with increasing wavevec-
tor for the 7.1 wt % solution (shown in Figures 4 and
6b and discussed before), whereas a dramatic g-depen-
dence is observed for the 7.5 wt % solution (the
relaxation rate decreases by an order of magnitude with
increasing q) together with a significant slowing down
of the rate compared to the 7.1 wt % solution. These
findings are due to the thermodynamic effects, which
control the rate of the main internal diblock chain
relaxation where the significant increase (by a factor of
10) in the static structure factor is accompanied by a
significant (by 1 order of magnitude) slowing down of
the relaxation rate.

The predictions for Iy and I'p for different concentra-
tions are shown as lines compared with the data in parts
a and b of Figure 7, respectively, with the thermody-
namic incompatibility (yN) and the size of the diblock
(Nb?) treated as adjustable parameters. Besides, an
independent of concentration multiplication factor for
the intensities was used, since the intensity data were
not converted to absolute structure factors (the changing
number of scatterers by increasing concentration is
explicitly accounted in the theory, eq 2). The best
simultaneous fit for both the intensities and the relax-
ation rates as a function of concentration and wavevec-
tor is obtained for yN = 639, Nb? = 1.14 x 1071° ¢cm?,
With N = 12 477, these values correspond to y = 0.051,
close to literature values,3! and b = 9.6 A; the obtained
b is larger than the usual value =7 A by a factor y =
1.37, probably due to additional stretching of diblock
copolymer chains in the transition region,®” which leads
to a larger apparent statistical segment length. The
factor y = 1.37 is in good agreement with a computer
simulation result,®® y = 1.35, obtained in the vicinity of
the critical point, as well as recent experiments.3®
Besides, the obtained values of yN and Nb? imply that
the critical concentration ¢c = 7.5% (see eq 8), and the
critical wavevector g = 3.3 x 10° cm™! (=1.95/R4(¢) and
eq 6). The consideration of only a single (k = 0, eq 4)
mode is justified at least for the higher concentrations
(¢ = ¢opt) by the almost exponential shape of the
experimental relaxation.

The theory presented in section Il.1 adequately
describes the concentration and the wavevector depend-
encies of both the intensity and the relaxation rate of
the internal copolymer mode. The most noticeable
differences are obtained for the 7.5% solution in the low
wavevector regime: Here the observed intensity is about
5 times higher and the relaxation rate is 5 times slower
than that predicted. This discrepancy might be ex-
plained by extra light scattering at low wavevectors
because of the large-scale domain structure in the
already ordered® 7.5% solution and the theory being
applicable only in the disordered state. However, the
systematic dependence of the rate on the scattering
intensity (also shown in Figure 4) is a consequence of
the relation of the collective dynamics to the thermo-
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Figure 8. Wavevector dependence of the normalized polarized
intensities of the new process (Rouse) for the 6.5 wt % SI-1M/
toluene solution. The line shows the predictions according to
theory presented in section 11.2 and using the parameters
obtained by fitting the data for the internal mode (Figure 7).

dynamic interactions,34041

Ti(@) = qugl(Q)“ int(@) (26)

where gi(q) is the Debye function and A the Onsager
coefficient; A is found nearly g-independent for low
concentrations (A ~ g°), in agreement with the theory,
whereas it shows an apparent A ~ g! dependence for
the 7.5% ordered solution.

Next, attention is focused on the intermediate mode
of Figures 5 and 6; the observed new mode is identified
with the main (I = 1) Rouse mode considered in the
theoretical section I11.2. This mode is observed only
above about 3 wt %, where the solution is entangled (ne
= N/Ne(¢) = 4 at 3%). As shown in the insets of Figure
6 and as presented in the earlier paper,1® the wavevector
dependence of this process is similar to that of the
internal mode at low concentrations, but both its
relaxation rate and its intensity show weaker concen-
tration and wavevector dependencies near the ODT.
Figure 8 shows the wavevector dependence of the
intensity of this process, Irouse, for the disordered 6.5
wt % solution together with the predicted wavevector
dependence of the intensity of the first Rouse mode Ir
(egs 18 and 19 for | = 1) calculated using the same
values for the parameters obtained by the fit of the data
for the internal mode (Figure 7). It is evident that the
theory and the data are in good agreement with respect
to the wavevector dependence of the intensity. As for
the concentration dependence, eq 13c implies that Ig
nearly does not depend on concentration ¢ (a weak ¢
dependence via the parameter u O R¢? can be neglected),
whereas the observed intensity is weakly increasing
with concentration up to 7.1 wt % and more strongly
for the 7.5 wt % solution. The relaxation rate of the
Rouse mode, I'r = 1/1R, defined in eq 13a, is independent
of the wavevector in apparent agreement with the
experimental data. However, the predicted concentra-
tion dependence, Tr O ¢G=3/@ 1) ~ $031 js much
weaker than the observed dependence.’® The deviations
between the theory and the data might be related with
the fact that the chains are not really well entangled in
the relevant region (ne = 4—9); hence extra effects on
the top of the tube model might be expected, as well as
the possible concentration dependence of the effective
friction coefficient.

The gquantitative theory predicts that at low wavevec-
tors the ratios lo/lr (egs 11 and 13c) and I'r/Tp (eqs 11
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Figure 9. Wavevector dependence of the ratios I'rouse/T'int (H),
lint/Irouse (@), @and { (Trouse/Tint)/(lint/ Irouse)} (4) for the 5.8 wt %
SI-1M/toluene solution.

and 13a) are nearly constant independent of the wavevec-
tor; actually for low gRg values: lo/lg = (247%)[N/Ne(¢)]
and I'r/Ty = [BN/Ne(¢)]. Thus, lo/lr = 14 and 21 for the
4.4% and 6.5% solutions, respectively; these values
might be compared with the observed ratios at q%/q.2 =
0.4 of lindlrouse = 10 and 16. Moreover, the predicted
ratio I'r/Ty = 18 and 26 to be compared with the
experimental Trouse/T'int = 22 and 20 for 4.4% and 6.5%,
respectively. The agreement between the predictions
and the data seems reasonable, taking into account that
ne = N/N¢(¢) is not very large and the values for Ne(¢)
are quite uncertain. The effects of even higher n¢'s are
currently investigated using even higher molecular
weight diblocks in solution.*? At the same time, the
theory at low wavevectors predicts that the product {-
(TrITo)/(10/1R)} = 37%/24 = 1.23, independent of the
wavevector and of concentration. This is in agreement
with the experimental data (for example for the 5.8 wt
% solution shown in Figure 9); the experimental g-
independent value for this product for this and for all
the other concentrations in the disordered state is about
2 (the g-independent value for the 7.5 wt % solution is
about 4).

Therefore, the use of the very high molecular weight
diblock copolymer with the inherent contrast between
the two blocks not only allowed the investigation of the
thermodynamic effects on the internal relaxation pro-
cess but it also allowed the observation of the Rouse
mode predicted in section 11.2. Rouse-like fluctuations
were only observed using neutron spin echo for ho-
mopolymer systems at high wavevectors.*3

VI1. Concluding Remarks

Photon correlation spectroscopy was used to investi-
gate the relaxation of composition fluctuations in dis-
ordered diblock copolymer systems near the most dan-
gerous wavevector, d.. The synthesis of a very high
molecular weight diblock copolymer and utilizing sem-
idilute solutions in a common good solvent allowed the
detailed investigation of the dynamic structure factor
S(q,t) in this wavevector regime near the maximum of
the static structure factor. It was found that the
relaxation of composition fluctuations in entangled block
copolymer solutions proceeds with two different mech-
anisms associated with reptation motions and Rouse-
like motions of chains inside their tubes. The theory
adequately describes the combined wavevector and
concentration dependencies of the relaxation times and
the intensities of the main internal copolymer relaxation
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with the effect of the proximity to the disorder-to-order
transition (ODT) being evident both in the static light
scattering intensity and in the relaxational dynamics
by increasing the copolymer concentration to approach
the ODT. The second faster process, which is observed
in the entangled regime, is predicted by the proposed
theory which attributes the mode to another relaxation
mechanism due to Rouse-like motions related to curvi-
linear chain fluctuations inside their tubes. The theory
also accounts for the wavevector dependence of the
intensity and relaxation rate of this process as well as
for the ratio of the intensities and rates of the two
processes. However, the observed concentration de-
pendencies of the characteristics of this Rouse mode are
stronger than those implied by the theory.

Finally, the polydispersity mode,*69.10 controlled by
the self-diffusivity of the diblock chains, was not ob-
served for this high molecular weight SI-1M/toluene
system, because the intensity of the internal process
dominates the scattering in this wavevector regime near
de. The self-diffusivity of the diblock in solution was
independently measured by pulsed-field gradient NMR;*
no process is observed by PCS with behavior corre-
sponding to that of the self-diffusion mode.

Appendix

We present here a rather detailed analysis of the
dynamic structure factor for entangled block copolymer
melts following the developments in ref 2. The static
scattering function, S(q) = S(q,0), for a diblock copoly-
mer melt was calculated using a mean-field approach
in the seminal Leibler's paper.1?22 The dynamic struc-
ture factor of the system (in the regime of entangle-
ments) was calculated using a mean-field approach and
the reptation model®® as follows:

The average linear response, @[] of a system to an
external perturbation field, U, is generally related to
the susceptibility of the system, «, as

(= — % [@OU - dr (A1)

where Ug(t) is the Fourier image of the function Uext-
(r,t) = Upa®Y(r,t) — Ug®(r,t), with U®t, Ug®t being the
potentials of the external fields acting on A and B
monomers, respectively (T is in units of thermal energy);
for a system obeying classical statistics

ESICRY
ot

«(a,t) = H(t) (A.2)

where H(t) is the Heaviside function. To account for
the effect of monomer—monomer interactions, the dy-
namic RPA is employed, which relates the susceptibility
ko Of the system with no interactions (ideal system) to
the susceptibility « of the interacting system. The
arguments are quite simple in the symmetric case. For
the ideal system, one can rewrite eq A.1l using the
Laplace transformation and assuming that U®*(t) = 0
fort <0Oas

n(d.p) = —ko(q,P)US(q,p)/T (A.3)

where 7(q.p) = [o@ME™ dt, and k(q,p) =
Soko(g,t)e Pt dt. However, the total field, U, conjugated
to the order parameter 7 is the sum of the external and
the molecular contributions, i.e., U = Ut + Um where
umol = y,mol — Ugmo! Equation A.3 is still valid for the
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system with interactions provided that U® is substi-
tuted by the total field:

n(a.p) = —ko(a,P)[U™(a.p) + U™ (@.)IT (A.4)

Note that the excluded volume interactions do not
distinguish between A and B links since it is assumed
that they are geometrically similar (are characterized
by the same volume v) and, hence, these interactions
do not contribute to the difference U™ — UgMol.
However, the incompatibility between A and B links,
characterized by the y parameter, does result in a
contribution to U™, The corresponding free energy
term is Fint = ¥ T foagppd3r/v; hence, the corresponding
contributions to the molecular fields are Ua™! = v6Fin/
(Sd)A = XT¢B and UBmOI = UéFint/é(bB = XT¢A1 so that Umel
= —2yTn. Therefore, n = —ko(USYT)I(1 — 2yx0) =
—«U®YT, and the general relation between « and «, is

1 _ 1
«(d,p)  Ko(d.p)

2y (A.5)

Equations A.2 and A.5 may be utilized to calculate
S(q,t) for an interacting system provided that «,(q,p) is
known; its derivation for the ideal system requires a
motional mechanism for the entangled polymer chains.
In the reptation model,*® it is assumed that entangle-
ments of a given chain with the surrounding chains
create an effective tube; the confined chain is, thus,
considered as a super chain of N/N. topological blobs
with N monomers per blob. The tube diameter, de, is
equal to the size of a topological blob, de = bN¢2, and
the tube length is Ly = deN/Ne. The principle chain
motion on scales larger than d. is a reptation along the
tube axis, s, which is, in fact, an one-dimensional
curvilinear diffusion with diffusion constant Dy = T/(N&o),
where ¢ is the friction constant per link. Neglecting
the tube-length fluctuations (their effect is considered
in section 11.2), the curvilinear distance between any
two links, n and n', is constant: s(n) — s(n') = L¢(n —
n')/N. During a short time At, the nth link diffuses
along the tube over a distance As, with [{As)2[0= 2DAt
to the point, where the (n + An)th link was originally
located, with An = (N/Ly)As and, thus, [[AN)2C= 2D*At,
where D* = (N/Ly)?D:. Therefore the distribution func-
tion, fu(r,t), for the position r of the nth link obeys the
diffusion equation

of,(rt) - OF(r,0)
ot an?

(A.6)

Note that eq A.6 is valid for a system with no excluded-
volume interactions, i.e., when there is no molecular (or
external) field which could affect the reptation process.
In the reptation model, the very end parts of the chains
relax extremely fast, and, hence, fy(r,t) at the end must
obey the Edwards equilibrium equation®® af,(r,t)/ot =

+02V2f,, for n = 0, N with o = b/v/6.

Next, one proceeds with the calculation of the struc-
ture factor Sy(qg,t) of the system with no interactions
between monomers (apart from the topological ones) in
order to calculate S(q,t) for the original interacting
system (y = 0) using egs A.2 and A.7. Equation 1 in
the main text can be rewritten as
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Sy(a,t) =
% 'dn dm @xpli 0)}1th(n)h(m) =
an/ dn dm Explia{r,(t) — ry(0)}1h(n)h(m) =

f_&f dndmf,(g,5)h(n)h(m) (A.7)

where ¢, = 1 is the polymer volume fraction, h(n) = 1 if
n < N/2 (i.e., for the A block), and h(n) = —1if n > N/2
(i.e., for the B block). Here, fim(g,t) = Sd3rfim(r,t) exp
(i gr) with fam(r,t) being the probability density that the
nth monomer of a given chain is at point r at the
moment t under the condition that the mth link was at
the origin r = 0 at t = 0. Obviously, the function f,,-
(r,t) must obey eq A.6, with m being a parameter. The
initial (t = 0) condition for the function (in Fourier
representation) is f,m(g,0) = exp(—g2e?n — m|). Solving
eq A.6 using the standard method of variable decou-
pling, one gets

[fm(at) - fim(a, /2 =
;OA(ﬁ)wﬁ(n)wﬁ(m) exp(—f2Ut*) (A.8)

where i = N — n, y4(n) = sin[(2n — N)/N], A(f) = 2u(u?
+ )7L — sin(2B)/(2B)]7t, with the variables u, t*
defined in the main text. Here 5 runs over all positive
values satisfying the equation g/tang + u = 0. The
“bare” structure factor from eqs A.7 and A.8 is, then,

_ Ng, u (@ —cospy
>0 = 7;0u2 tutp B

Hence, the susceptibility of the “ideal” system, obtained
from eq A.2 is written in the form

Ng, 1
Ko(A,P) = 4 2 2

where ¢ = (pt*)2, W(u,0) = {2(u?/0)[1 — 1/cosh o] — o}/
[o + u tanh o], and p is the Laplace variable. Finally,
the generalized susceptibility of the system with inter-
actions between monomers is obtained from eq A.5 and
is given as eqg 2 in the main text.

exp[—p2t/t¥]
(A.10)

[W(u,0) — W(u,u)] (A.11)
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