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ABSTRACT: Photon correlation spectroscopy and pulsed-field-gradient NMR have been used to investigate
the role of different macromolecular architecture on the dynamics of block copolymer solutions in the
low wavevector (q) limit using linear tetrablock (TB) and inverse starblock (SB) copolymers composed of
two jointed TB’s (NSB ) 2NTB). The three relaxation processes observed for diblocks are also evident in
the present case: the cooperative diffusion, the internal copolymer chain relaxation (q2-dependent intensity
and q-independent rate), and the polydispersity diffusive mode, controlled by the self-diffusion (due to
the finite composition polydispersity). The internal mode characteristics are identical for both systems
at a given concentration, in agreement with theoretical estimates for Rouse chains, whereas the self-
diffusivities show the effect of the total molecular weight and the architecture. At high concentrations of
the SB copolymers, there is evidence for an extra relaxation process with a strong-concentration-dependent
intensity apparently due to the proximity to the ODT and due to the macromolecular architecture.

I. Introduction

Block copolymers represent an interesting class of
polymeric materials with a rich variety of phase behav-
ior1 that is a consequence of the thermodynamic incom-
patibility between the covalently bonded linear se-
quences of polymerized monomers A and B. This leads
to a disorder-to-order transition2 (ODT) from a disor-
dered state (at low enough values of øN) toward a
microphase-separated state characterized by long-range
order in its composition at higher øN values (N is the
overall degree of polymerization and ø the segment-
segment Flory-Huggins interaction parameter); the
phase state depends on the volume fraction of the A
block, f, as well.

The dynamic behavior of block copolymers has re-
cently attracted a great deal of scientific interest,3-6

with most of the work devoted to the study of diblocks.
This can be addressed by probing either the spontaneous
decay of composition fluctuations defining the dynamic
structure factor S(q,t) or the response of the system to
external fields. At equilibrium, S(q,t) of disordered
diblock copolymer melts conforms7 to a double-expo-
nential decay function

with q the wavevector. The first exponential decay is
the dynamic random phase approximation (RPA) pre-
diction (for either Rouse8 or entangled9,10 chains) for
monodisperse diblocks with Sint(0) ) 0 and collective
decay rate Γ(q) ≈ τ1

-1q0 for q , q*, where q* is the
wavevector at the maximum of the static structure
factor (τ1 is the chain longest relaxation time). The
second exponential is a consequence of the finite com-
position polydispersity of synthetic diblocks which,
however, allows the determination of the chain self-
diffusion coefficient D = Ds.

Solutions have long been used to complement the
investigations of the diversity of phase morphologies and
phase transitions11-13 in diblock copolymers as well as
of the dynamic structure factor,14-17 where for neutral
good solvents the unfavorable interactions between the
blocks are diluted by the solvent, and therefore, the
disordered state may be investigated even for high
molecular weights at accessible temperatures (ø ) a +
b/T with b > 0). In semidilute solutions, øN is renor-
malized13 as ø*N ∝ øNφ(1-z)/(3ν-1) = øNφ1.59, with φ the
copolymer volume fraction in solution, ν the Flory
exponent (ν ) 0.59 in good solvents), and z ) -0.225;
surprisingly, this renormalization was found to hold
even for concentrations φ well into the concentrated
solution regime.11e The bimodal shape of the dynamic
structure factor of composition fluctuations S(q,t) in eq
1 is still preserved whereas the total polymer concentra-
tion fluctuations relax via the cooperative diffusion Dc
∝ φν/(3ν-1) = φ0.77, similarly to homopolymer semidilute
solutions. For sufficiently high molecular weights, the
dynamic structure factor of a monodisperse entangled
diblock (the first exponential of eq 1) encompasses two
distinct decays10 corresponding to the chain slow repta-
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tive motion (tube conformation) and to fast curvilinear
displacements along the reptation tube (tube length
fluctuations).

The effects of the macromolecular architecture on the
static behavior of block copolymers have been consid-
ered18,19 in the recent years, where going from diblocks
to graft, triblock, and star copolymers increases their
compatibility (i.e., increases the effective øN at the
transition). Moreover, the macromolecular architecture
(graft versus linear block copolymers) has been shown
to alter the dependence of the microphase diagram on
the volume fraction f.20 At the same time, the morpho-
logical investigation of compositionally symmetric (f =
0.5) linear A-B-A-B tetrablock (TB) and inverse
starblock copolymers (SB) essentially composed of two
tetrablocks TB jointed in the middle point has revealed
a triggering of the microstructure morphology by block
asymmetry.21 Macromolecular topology (e.g., stars) can
also compensate the effect of molecular weight N on the
molecular size and, hence, on the dynamics. The com-
position- and architecture-dependent self-diffusion coef-
ficients of both graft and diblock copolymers in solution
collapse nicely onto a master curve when the differences
in the entanglement characteristics of the parent ho-
mopolymers and the different radii of gyration of stars
versus linear polymers are taken into account.22 Be-
sides, keeping the block composition constant, macro-
molecular architecture affects the entropy of the chains
and, thus, the static structure factor and the collective
dynamics, whereas the more extended homogeneous
range of star versus linear block copolymers may offer
new insights in the dynamic behavior near the disorder-
to-order transition.

In this report, we attempt to explore the effects of
macromolecular architecture on the modes of relaxation
of composition fluctuations in block copolymer solutions
in a common good solvent by photon correlation spec-
troscopy (PCS) and pulsed-field-gradient nuclear mag-
netic resonance (PFG-NMR) utilizing the same linear
A-B-A-B tetrablock and inverse starblock copolymers
of ref 21. PCS provides simultaneous access to the
dynamics of S(q,t) over a broad time range (10-7-103

s) and the associated static structure factors. Provided
that the composition fluctuations due to polydispersity
(self-diffusion) and to the order parameter fluctuations
(collective chain relaxation) are separable, Sint(q) of an
ideally monodisperse system can be determined at low
wavevectors (q < q*). The three relaxation processes
known for diblock copolymer solutions are observed in
this case as well, i.e., the cooperative diffusion, the
internal copolymer mode, and the polydispersity dif-
fusive mode. It is found that both the intensity and the
relaxation rate of the internal mode are insensitive to
both architecture and total molecular weight (NSB )
2NTB); this is theoretically explained to be due to the
fact that linking together two tetrablocks into a single
star does not change the “polarization” properties of
each tetrablock chain. The self-diffusivities show the
effect of the total molecular weight but not any extra
exponential slowing down expected for stars because the
present systems only reach the weakly entangled re-
gime. Moreover, at high concentrations (still in the
disordered state) and only for the inverse starblock
copolymers, there is evidence for an extra relaxation
process with a strong concentration dependence, appar-
ently due to the proximity to the ODT and due to the
macromolecular architecture.

The remainder of this article is arranged as follows:
Following the experimental section II, the results of the
PCS and PFG-NMR investigations are presented in
section III and are discussed in relation to a theoretical
attempt to predict the behavior. The concluding remarks
constitute section IV.

II. Experimental Section

Materials. The linear tetrablock and the inverse starblock
copolymers, composed of styrene (PS) and isoprene (PI)
sequences (Figure 1), were synthesized by anionic polymeri-
zation under high vacuum in glass reactors provided with
break-seals (for the addition of reagents) and constrictions (for
removal of products) utilizing the chlorosilane chemistry
approach; their synthesis has been presented earlier.21 The
linear tetrablocks (TB) were synthesized by connecting a living
PIPS(-)Li(+) and a living PSPI(-)Li(+) diblock arms to a dimeth-
yldichlorosilane in solution in benzene, whereas the inverse
starblocks (SB) were synthesized by connecting two living
PIPS(-)Li(+) and two living PSPI(-)Li(+) diblock arms to a
tetrachlorosilane. This approach has the advantage that the
same diblock precursors were used for the synthesis of both
the tetrablock and the inverse starblock, reensuring that the
corresponding TB’s and SB’s have the same block components,
and therefore, they are directly comparable. The resulting TB
and SB were subsequently purified by fractionation in a
toluene/methanol system.

The molecular weights of the polymers were determined by
low-angle laser light scattering (LALLS) at 633 nm and
membrane osmometry. The weight content of the polymers in
PS was measured and verified by UV-SEC, 1H NMR, and
laser refractometry. The molecular characteristics of the linear
tetrablocks and the corresponding inverse starblocks are
presented in the three sections of Table 1. The first section
concerns the molecular characteristics of the PSPI and the
second the PIPS diblock precursors; the values in these two
sections are the same for the linear tetrablock and the inverse
starblock because the same precursors were used for their
preparation. The results of molecular characterization show
the high degree of structural and compositional homogeneity
of these novel polymers. The macromolecular asymmetry is
controlled by the parameter λ, which defines the volume

Figure 1. Schematic diagram of the linear tetrablock (TB)
and the inverse (SB) starblock copolymers. The two shadings
represent the polystyrene (PS) and the 1,4-polyisoprene (PI)
sequences. Note that the SB is essentially composed of two
TB molecules linked at the middle point. f is the volume
fraction of polystyrene, and λ is the asymmetry parameter with
the index R ) (1 - λ)/λ.
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fraction of the inner block of each diblock arm, with the volume
fraction of the outer block being [1 - λ] (see Figure 1). The
index (e.g., 4) in the codes for the tetrablock (TB) and the
inverse starblock (SB) copolymers indicates the ratio R ) (1
- λ)/λ, i.e., the approximate ratio of the volume fractions of
the outer to the inner block of the same kind (e.g., PS).

A relatively low concentration (∼2 wt %) copolymer solution
in HPLC grade toluene solvent is initially prepared and filtered
through a 0.22 µm Millipore filter directly into the dust-free
light scattering cell (10 mm o.d.). During the measurements
the cell was closed airtight to avoid evaporation of toluene.
The concentration was checked before and after each measure-
ment by weighing the solution. The concentration is then
gradually increased by slow evaporation of small amounts of
solvent and weighing the resulting solutions. All the measure-
ments have been performed in the semidilute regime and in
the disordered homogeneous state.

Photon Correlation Spectroscopy (PCS). The autocor-
relation function of the polarized light scattering intensity, GVV-
(q,t) ) 〈IVV(q,t) IVV(q,0)〉/〈IVV(q,0)〉2, with IVV(q,0) the mean light
scattering intensity, is measured at different scattering angles,
θ, using an ALV spectrophotometer and an ALV-5000 full
digital correlator over the time range 10-7-103 s. Both the
incident beam from an Adlas diode pumped Nd:YAG laser,
with wavelength λ ) 532 nm and single mode intensity 100
mW, and the scattered beam were polarized perpendicular to
the scattering plane (VV geometry). q ) (4πns/λ) sin(θ/2) is the
magnitude of the scattering vector, with ns the refractive index
of the medium. In quasi-elastic light scattering under homo-
dyne conditions, GVV(q,t) is related to the desired relaxation
function, C(q,t), by

where f* is an experimental factor calculated by means of a
standard. The amplitude (e1) of the C(q,t) is the fraction of
〈IVV(q,0)〉 with decay times slower than about 10-7 s. For
multiple relaxation processes, the experimental correlation
functions may be analyzed by performing the inverse Laplace
transform (ILT) of C(q,t), without assumption of the shape of
the distribution function L(ln τ) but assuming a superposition
of exponentials:

This determines a continuous spectrum of relaxation times
L(ln τ); the average times obtained from the peaks of L(ln τ)
are used to determine the characteristic relaxation times,
whereas the integrals under the peaks of L(ln τ) give the
dynamic intensities associated with the specific relaxation.

Pulsed-Field-Gradient Nuclear Magnetic Resonance
(PFG-NMR). The basis of the technique is a stimulated echo
measurement using the proton spin as a probe. PFG-NMR

measures the mean-squared displacements 〈∆r2〉 of particles
bearing 1H nuclei in a given time t, if two magnetic field
gradients are applied as pulses during the spin echo experi-
ment.23 The field gradients with amplitude g and width δ are
separated by the diffusion time t (in the range 30-300 ms). If
the motion of the particles is simple Fickian diffusion, then
〈∆r2〉 ) 6Dst, and the translational self-diffusion coefficient Ds

is obtained in the experiment. Deuterated toluene is used as
the solvent for the copolymer solutions; thus, the diffusion of
only the macromolecules is observed. From the measured spin
echo attenuation, one can extract the Fourier transform of the
autocorrelation function for the proton position which is
identified with the normalized intermediate scattering func-
tion, Sinc(q,t), usually measured by incoherent neutron scat-
tering. Here, q ) γgδ is the generalized wavevector24 with γ
the gyromagnetic ratio of the proton (the range of q in the
present experiments extends to about 1.0 × 10-3 Å-1). Sinc(q,t),
was always to a very good approximation well represented by
a single-exponential decay function (indicating a low molecular
weight distribution), yielding the chain self-diffusion coefficient
Ds

The Sinc(q,t) data superimpose when plotted versus q2t, and
this signifies normal diffusion with mean-squared displace-
ment 〈∆r2〉 ∝ t. Due to the presence of traces of protonated
solvent molecules or residues of low molecular weight sub-
stances in the samples, as was in most cases slightly smaller
but very near unity in the fits.

Dynamic Shear Rheology. A Rheometric Scientific ARES
model 100FRTN1-HR controlled strain rheometer with a dual
range force rebalance transducer was utilized in the parallel
plates geometry (25 mm diameter, 0.7 mm sample thickness),
with a recirculating fluids bath temperature control (accuracy
(0.5 °C). Measurements were carried out in a saturated
atmosphere of the solvent (toluene) to prevent any adsorption
of moisture and/or solvent evaporation from the sample. Small-
amplitude oscillatory shear measurements were carried out
in order to determine the linear viscoelastic properties of the
solutions. More specifically, isothermal/isochronal dynamic
time sweeps were performed to ensure that measurements
were carried out under “dynamic equilibrium” conditions,
dynamic strain sweeps at a given temperature and frequency
in order to determine the limits of linear viscoelasticity (strains
used were in the range 1-100%), and, finally, isothermal
dynamic frequency sweeps in the frequency range 0.1-400
rad/s at a given strain in the linear viscoelastic regime in order
to evaluate the dynamic mechanical material functions over
the whole accessible frequency range.

III. Results and Discussion
Overall Picture. Figure 2 shows the net polarized

intensity autocorrelation functions for a 9.5 wt % TB-

Table 1. Molecular Characteristics of the Copolymers21

samples TB-1 SB-1 TB-2 SB-2 TB-4 SB-4

Mn(PS-PI) × 103 a 38.5 38.5 52.6 52.6 101 101
Mw/Mn(PS-PI)b 1.03 1.03 1.04 1.04 1.04 1.04
wt % PS contentc 49.5 49.5 66.5 66.5 80.0 80.0
Mn(PI-PS) × 103 a 39.3 39.3 50.0 50.0 93.1 93.1
Mw/Mn(PI-PS)b 1.03 1.03 1.04 1.04 1.03 1.03
wt % PS content c 51.5 51.5 36.0 36.0 20.5 20.5
Mn(total) × 103 a 80.2 148 103 212 201 378
Mw(total) × 103 d 82.9 152 106 220 213 395
Mw/Mn(total)b 1.04 1.03 1.03 1.04 1.04 1.05
wt % PS contentc 51.0 50.0 51.0 50.0 50.0 50.0
Ntot

e 987 1812 1262 2623 2539 4709
fPS

f 0.475 0.465 0.475 0.465 0.465 0.470
λ 0.50 0.50 0.33 0.33 0.20 0.20
R 1 1 2 2 4 4
wt % ODTg >46.4 55.6-62.6 >38.4 39.8-42.6 ∼22.0 ∼20.0

a Membrane osmometry in toluene at 34 °C. b SEC in THF at 30 °C. c UV-SEC and 1H NMR. d LALLS in THF at 25 °C. e Based on
average segmental volume. f Polystyrene volume fraction. g Estimated based on polarized and depolarized light scattering.16,25

C(q,t) ) {[GVV(q,t) - 1]/f*}1/2 (2)

C(q,t) ) ∫-∞

∞
L(ln τ) exp[-t/τ] d(ln τ) (3)

Sinc(q,t) ) as exp(-q2Dst) (4)
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4/toluene (Figure 2a) and a 9.5 wt % SB-4/toluene
solution (Figure 2b) for three different scattering angles
with the corresponding distribution of relaxation times
L(ln τ) (eq 3) multiplied by the total polarized intensity
normalized to that of toluene, I, shown in the insets;
I × L(ln τ) facilitates comparison between the different
scattering angles. In this range of concentrations the
solutions exist in the disordered state as verified by the
absence of dynamic depolarized light scattering.25

Three different relaxation processes are unambigu-
ously resolved in both cases as well as for the other pairs
similarly to diblock copolymer solutions. On the basis
of the dependencies of the relaxation rates and the
intensities of the three processes on the scattering
wavevector (shown for both TB-4 and SB-4 solutions in
Figure 3, a and b, respectively) and on concentration,
these processes are assigned to the cooperative diffusion,
the copolymer chain relaxation (internal), and the
polydispersity mode (self-diffusion). The faster relax-
ation process exhibits a q2-dependent relaxation rate
and a q-independent intensity (Figure 3) and is at-
tributed to the cooperative motion of the polymer
network with respect to the solvent; this cooperative
diffusion becomes faster with concentration while losing
intensity since it is driven by the osmotic modulus of
the polymer solution. It is the main mechanism to relax
the total polymer concentration fluctuations and bears
no specificity to block copolymer architecture; it will be

of no further concern in the present paper. The two
other processes are related to the dynamics of composi-
tion fluctuations (A versus B) and can be amenable to
variation of the block copolymer architecture (see be-
low). The intermediate process is the internal (struc-
tural) mode with a q2-dependent amplitude and a
q-independent relaxation rate at q/q* , 1. The slower
process shows a similar q dependence with the coopera-
tive mode (q2-dependent relaxation rate and q-indepen-
dent intensity) and corresponds to the composition
polydispersity mode observed in diblock copolymers in
melt and in solution. This mode is responsible for the
excess light scattering at low wavevectors whereas its
diffusion coefficient compares well with the self-diffu-
sivity of the block copolymer chains. In contrast to the
cooperative diffusion, both the structural and the poly-
dispersity modes become more evident as the concentra-
tion is increased. Differences and similarities in the
composition fluctuation dynamics between the SB and
TB copolymers will be discussed in the following.

Internal Structural Mode. The wavevector depend-
encies of the relaxation rates and the intensities of the
internal and the self-diffusion processes for the TB-4
and SB-4 disordered solutions at similar concentrations
(9.5 wt %) were shown in Figure 3. As stated above, the
observed variation with the probing wavelength (∼q-1)

Figure 2. Net polarized intensity correlation functions for
(a) a 9.5 wt % disordered TB-4/toluene solution and (b) a 9.5
wt % disordered SB-4/toluene solution at 20 °C for three
different scattering angles: 150° (0, 9), 90° (O, b), and 60°
(4, 2). Inset: the corresponding distributions of the relaxation
times L(ln τ) multiplied by the total scattering intensity
normalized to that of toluene, I.

Figure 3. Wavevector dependence of (a) the relaxation rates
and (b) the intensities of the three different processes (normal-
ized to that of toluene) for the 9.5 wt % disordered TB-4/toluene
(open symbols) and SB-4/toluene (closed symbols) solutions at
20 °C: (0, 9) cooperative diffusion, (O, b) internal copolymer
mode, and (4, 2) polydispersity diffusive mode. The line in
(a) shows the q2 slope, whereas the dotted lines in (b) show
the Icoop ∝ q0, Iint ∝ q2, and Ip ∝ q0 dependencies.
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is characteristic for these two processes observed for
diblock copolymers in semidilute solutions in a common
good solvent. The correct separation of the two contribu-
tions to the experimental S(q,t) leads to the anticipated
correlation hole in the limit of q f 0 for monodisperse
block copolymers; note that the total static intensity
measurements (inclusion of all kinds of contributions)
lead to finite I(qf0). The intensity Iint of the structural
relaxation exhibits a q2 dependence imposed by the A-B
connectivity. Concurrently, the average collective re-
laxation rate8,10 estimated within the RPA (for Rouse
diblock chains in the melt) is given by

where kBT/úh is the monomeric diffusion coefficient (for
Rouse chains, kBT/(Núh) is the chain diffusivity Ds), g(1,x)
is the Debye function of the copolymer chain with x )
q2Rg

2 and Rg the copolymer radius of gyration, and the
Iint(q)/N factor26 denotes the collective (thermodynamic)
effect. If one uses the longest relaxation time of a
respective homopolymer τ1 ≈ Rg

2/(6Ds), eq 5a can also
be written as

In the q/q* , 1 range, g(1,x) = O(1) and Iint(q)/N ∝ x,
and therefore, Γint(q) ≈ τ1

-1[4f(1 - f)]-1q0 as verified by
dynamic mechanical shear measurements (see Figure
5). What was unexpected is the apparent similarity of
both the intensities and the relaxation rates of the
intermediate internal mode despite the architecture and
the total molecular weight difference between TB-4 and
SB-4 (as well as for the other pairsssee Figures 4 and
5). Regarding the slower polydispersity mode, both the
rates and the intensities are different in the two systems
(see discussion below). The q dependencies shown in
Figure 3 for TB-4 and SB-4 also apply to the other two
SB and TB pairs.

Physically, the scattering due to the internal mode
results from composition fluctuations caused by the
relative motion or “breathing” of the A blocks with

respect to the B blocks. The general equation for the
intensity at low wavevectors,10 Iint ∝ φNq2Rg

2, can be
written as

where a prefactor related to the A-B contrast is omitted
in eq 6. [φ/(Ntotυ)] is the number of copolymer chains
per unit volume where Ntot ) N for the tetrablock TB
and Ntot ) 2N for the starblock SB is the total number
of monomers per chain, and κ is the effective “polariz-
ability” of the block copolymer chain, which can be
defined as follows.

Let a weak force be applied to each monomer of a
block copolymer chain. Then, the force acting on the nth
monomer is F(n) ) εh(n), where ε is a small amplitude
and h(n) ) 1 - f if the nth monomer is of type A and
h(n) ) -f if it is of type B. Here n ) 0, 1, 2, ..., Ntot and
f is the volume fraction of A monomers in a chain. Thus,
each A monomer is subjected to the force (1 - f)ε, and
each monomer B to the force -fε, so that the total
algebraic force acting on the chain is zero. The chain
“polarization” is defined as P ) ∑nr(n)h(n), where r(n)
is the position of the nth monomer. The average
polarization induced by the force F(n) is proportional
to ε, with the coefficient being κ: P ) κε. With the above
definition, the effective “polarizability” κ can be directly
calculated using Gaussian chain statistics as

for the tetrablock and the starblock, respectively. Here
a ) â*/x6, and â* ≈ bφ-0.117 is the effective statistical
segment length in solution with b that in the bulk,
assumed to be equal for both components A and B. The
macromolecular asymmetry affects the effective polar-
izabilities κ through the parameter λ.

Since in the present experimental system (Ntot,SB )
2Ntot,TB), eqs 7 result in

Figure 4. Copolymer concentration dependence of the inten-
sity of the internal structural mode at 20 °C and 150°
scattering angle for solutions in toluene of TB-4 (4), SB-4 (2),
TB-2 (O), SB-2 (b), TB-1 (0), and SB-1 (9). The solid line shows
the predicted φ0.77 dependence. When error bars are not shown,
they are less than or equal to the size of the points.

Γint(q) ) q2kBT
Núh

f(1 - f)g(1,x)
Iint(q)/N

(5a)

Γint(q) )
xf(1 - f)g(1,x)

6τ1Iint(q)/N
(5b)

Figure 5. Copolymer concentration dependence of the relax-
ation rate of the internal structural mode at 20 °C and 150°
scattering angle for solutions in toluene of TB-4 (4), SB-4 (2),
TB-2 (O), SB-2 (b), TB-1 (0), and SB-1 (9). The inverse of the
longest relaxation times estimated by dynamic oscillatory
shear rheology for one concentration of TB-4 (]) and SB-4 ([)
are also included. When error bars are not shown, they are
less than or equal to the size of the points.

Iint ∝ φ

Ntotυ
q2

κ (6)

κTB ) 2/3a
2Ntot,TB

3f 2(1 - f)2[1 - 6λ2(1 - λ)] (7a)

κSB ) 1/4‚2/3a
2Ntot,SB

3f 2(1 - f)2[1 - 6λ2(1 - λ)] (7b)
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Therefore, with eq 6, one gets exactly the same intensity
for the SB and the TB solutions at a fixed polymer
concentration, and therefore

Note that a2 ) b2φ-0.234/6, and therefore, Iint ∝ φ0.77. For
λ ) 0 or 1, the result is simplified to the appropriate
expression for a diblock copolymer with N segments.
Recently, a random phase approximation calculation27

was performed for the full static structure factor for
linear tetrablocks and inverse starblock copolymers as
a function of both the block copolymer composition and
the detailed architecture controlled by the parameter
λ. (The case of two different ratios of the outer to the
inner block for A and B was also considered.) The results
for the behavior at low wavevectors are identical to
those of eq 9, i.e., Iint,SB ) Iint,TB, irrespective of the
values of the two different ratios of the outer to the inner
block. It should also be noted that connecting the two
TB chains in order to form one SB chain leads to a lower
entropy for SB, resulting in weaker composition fluctua-
tions when compared to the case of TB; this is reflected
in the fact that the static structure factor26 S(q) ∝ Iint/
(φNtot) of the starblocks at low wavevectors is according
to eq 9 one-half of that for the tetrablocks. Moreover,
the higher compatibility of the starblock is also evident
by the fact that the predicted27 value of the product
(ø*Ntot)s at the mean-field spinodal for the starblock is
twice as large as that for the respective tetrablock for
near-symmetric systems; in the present case Ntot,SB )
2Ntot,TB and hence ø*s,SB ) ø*s,TB.

The experimental data for the intensities of the
internal mode at 150° scattering angle (q ) 0.034 nm-1)
as a function of copolymer concentration are shown in
Figure 4 for the three SB and TB pairs. The equality of
the intensities of the modes between SB-4, TB-4 and
SB-2, TB-2 is in agreement with the above theoretical
estimation whereas the comparison for the lowest
molecular weight system SB-1, TB-1 is less satisfactory.
Note, however, the very low values of the intensities for
SB-1, TB-1 with the corresponding significantly higher
associated errors; moreover, the resolution of the inter-
nal mode in SB-1 is affected by the extra process
discussed later. Besides, the intensities conform to the
predicted Iint ∝ φ0.77 dependence.

Figure 5 shows the q-independent relaxation rates of
the internal process as a function of concentration for
the three SB, TB pairs. The relaxation rates for the
inverse starblocks are very similar to those for the
tetrablocks over the whole concentration range although
the former possess double the molecular weight of the
latter. As was discussed above, the relaxation time of
the internal mode for symmetric diblock copolymers is
equal to the longest relaxation time which is a function
of the molecular weight (τ1 ∝ N2 in the Rouse and τ1 ∝
N3 in the entanglement regime).

For the calculation of the average relaxation rates of
the internal mode in TB and SB, Rouse dynamics is
assumed; i.e., it is assumed that entanglement effects
are not important in this range of concentrations.22 The
relaxation time for the internal mode is actually the
time for relaxation of the “polarization” after the
external force is switched off. For homogeneous TB and

SB melts, this can be calculated within the dynamic
random phase approximation similarly8 to the case of
diblock copolymers and polymer blends for Rouse chains.
In the limit of low wavevectors, this calculation results
in the average rate

i.e., as expected, the relaxation time does not depend
on the wavevector and is identical for the SB and TB
systems of the present work. (Equation 10a can also be
obtained using eqs 9 and 5a in the low q limit with g(1,x)
f 1.) This rate is only by a factor [1 - 6λ2(1 - λ)]-1

larger than that for the respective diblock of molecular
weight equal to that of the tetrablock; this is the same
factor that controls the effect of copolymer architecture
on the intensity of either SB or TB (eq 9). For semidilute
solutions in the Rouse regime, eq 10a is renormalized
as

where Ds,lin and τ1,lin are the self-diffusivity and the
longest relaxation time of a linear chain with molecular
weight equal to that of the tetrablock. Physically the
equality of the relaxation times for the tetrablock and
the starblock can be understood as being due to the fact
that the two tetrablocks that compose the starblock
relax their polarization virtually independently; since
the two tetrablocks are identical, they relax exactly in
parallel, and the fact that they are linked in the middle
does not make any difference. Experimentally (Figure
5), the relaxation rates of the internal mode in the SB-4
system are only somewhat slower (by about 30-40%)
than in the TB-4 system, whereas the data for the other
two pairs are in perfect agreement with the predictions
of eq 10b. Note that the anticipated ratio between TB
and SB based only on the molecular weight should be
at least (Rouse regime) a factor of 4.

The agreement between the relaxation rates of com-
position fluctuations Γint for the SB and TB pairs (Ntot,SB
) 2Ntot,TB and the same f and λ) suggests that their
longest relaxation times τ1 should also assume similar
values, since Γint is related to τ1 (eq 5b). On the
theoretical side, the longest time of conformational
relaxation can be calculated within the Rouse model for
the tetrablock and the starblock copolymers. In the limit
of the same individual segmental frictions for the two
blocks (this assumption is allowed, since we will then
renormalize the situation for semidilute solutions), the
situation leads to the calculation for the Rouse time of
homopolymer stars with four arms. In the general case
of a star with fs equal arms,

in agreement with earlier estimates.28 Here, τ1,linear is
the Rouse time of a linear chain with molecular weight

κSB ) 2κTB (8)

Iint,SB ) Iint,TB ) 2/3
φ

υ
a2q2N2f 2(1 - f)2[1 - 6λ2(1 - λ)]

(9)

Γint,SB(q) ) Γint,TB(q) )

kBT

Núh
3

2f(1 - f)(Nb2/6)
[1 - 6λ2(1 - λ)]-1q0 (10a)

Γint,SB(q) ) Γint,TB(q) )
3Ds,lin

2f(1 - f)Na2
[1 - 6λ2(1 - λ)]-1q0 ≈

[1 - 6λ2(1 - λ)]-1

4f(1 - f)τ1,lin
q0 (10b)

τ1,star ) 4
fs

2
τ1,linear (11)
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equal to that of the whole star. Therefore, for our system
of SB and TB with Ntot,SB ) 2Ntot,TB and fs ) 4, it is
expected that in the Rouse regime

The inverse of the longest relaxation times obtained
by low-amplitude dynamic oscillatory shear rheology at
one concentration for each of the TB-4/toluene and SB-
4/toluene solutions are also shown in Figure 5; the times
were estimated at the crossing of the dynamic shear
storage (G′) and loss (G′′) moduli in the flow regime.
Figure 6 shows a dynamic frequency sweep for disor-
dered 17.9 wt % TB-4/toluene and 17.27 wt % SB-4/
toluene solutions at 20 °C. At low frequencies the data
in both cases conform to the expected G′ ∼ ω2 and G′′ ∼
ω scaling behavior for disordered systems. This allows
the extrapolation of the G′ and G′′ data in order to
estimate the longest relaxation time, which were shown
in Figure 5. In agreement with eq 12, the two times are
almost the same (within the experimental errors). The
viscosity shown in Figure 6 was obtained from G′′ as η
) G′′/ω, and its independence of frequency for low
frequencies is due to the systems having attained their
limiting behavior. (The zero shear viscosity is, then, η0
) limωf0[G′′/ω].) The viscosities of both systems are very
similar. (The data for SB-4 are only slightly higher than
for TB-4.) For Rouse chains the zero shear viscosity of
a homopolymer star28,29 ηstar

0 ) gηlinear
0 , where g is the

ratio of the square of the radius of gyration of the star
to that of the linear molecule with the same molecular
weight. For a star with fs equal arms, g is calculated as
g ) (3fs - 2)/fs

2, and for a four-arm star g ) 0.625. Since
for Rouse chains ηlinear

0 ∝ Ntot, the ratio of the zero
shear viscosities of SB and TB should be ηSB

0 /ηTB
0 ) 2g

) 1.25, in agreement with the closeness of the viscosity
data in Figure 6.

The observed agreement between the two Γint’s (PCS)
and the two τ1’s (rheology) and the obtained theoretical
account suggest very minor entanglement effects. It is
noted that in the really entangled regime the confor-
mational relaxation of stars is exponentially sup-
pressed;30 however, in the present range of concentra-
tions of 5-20%, the estimated number of entanglements
per chain is only 1-3 (see also Figure 11), far from the
range where entanglement effects become really impor-
tant.

Polydispersity (Self-Diffusion) Mode. Figures 7
and 8 show the wavevector dependencies of the intensi-
ties and the corresponding diffusion coefficients for the
polydispersity diffusive relaxation for the TB-4/toluene
and SB-4/toluene solutions, respectively, as a function
of total copolymer concentration. The behavior for the

Figure 6. Dynamic frequency sweep for disordered 17.9 wt
% TB-4/toluene (open symbols) and 17.27 wt % SB-4/toluene
(closed symbols) solutions at 20 °C; the applied strains were
40% and 10% for SB-4 and TB-4, respectively: G′ (4, 2), G′′
(0, 9), and η ) G′′/ω (O, b). The lines show the G′ ∼ ω2 and
G′′ ∼ ω behavior in the flow regime.

τ1,SB ) τ1,TB (12)

Figure 7. Wavevector dependence of (a) the intensities and
(b) the diffusion coefficients of the polydispersity diffusive
process for various concentrations of the TB-4/toluene solution
at 20 °C: (×) 6.1, (0) 9.5, (O) 11.9, (4) 14.7, (3) 17.9, and (])
19.6 wt %. Dotted lines are guides to the eye and denote
q-independent intensities and diffusion coefficients.

Figure 8. Wavevector dependence of (a) the intensities and
(b) the diffusion coefficients of the polydispersity diffusive
process for various concentrations of the SB-4/toluene solution
at 20 °C: (*) 6.1, (9) 9.5, (b) 12.1, (2) 14.7, (1) 17.3, and ([)
18.9 wt %. Dotted lines are guides to the eye (see text).
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TB-4/toluene system conforms exactly to the known
behavior, i.e., q-independent intensities (Figure 7a)
increasing with copolymer concentration and diffusion
coefficients (Dp ) Γp/q2) decreasing with increasing
concentration (Figure 7b). The same is true for the SB-
4/toluene for concentrations as high as about 10 wt %.
However, at higher concentrations, there is a pro-
nounced peculiar increase of the intensity at higher
wavevectors (Figure 8a), which is almost linear with q2.
Note that the possibility of an extra slow process similar
to the frequently observed “long-range density fluctua-
tions” would result in the opposite dependence with q.
It appears that a q2-dependent contribution (due to a
possible unresolved process) is superimposed on a
q-independent term (which would conform with the
behavior of the polydispersity mode). Such a contribu-
tion to the scattering intensity, with behavior similar
to that of the internal mode, should be of structural
origin. Information on the possible origin of this extra
contribution is also provided by the concentration
dependence of its extra intensity (see next section). Note,
however, that the dynamics of the process is not
affected; i.e., the relaxation rates still show a Γp ∝ q2

dependence evident by the q independence of the
diffusion coefficient Dp (Figure 8b).

The intensities of the polydispersity process for all
three SB, TB pairs are shown in Figure 9 as a function
of concentration. For the high concentrations of SB-4,
where the intensities show a wavevector dependence,
the values of the limits Ip(qf0) are used in Figure 9
following a fit of the data to the form Ip(q) ) Ip(qf0) +
Cq2. An almost linear dependence of the intensities on
copolymer concentration is seen. The intensity of the
polydispersity mode is independent of the wavevector
and is proportional7,31 to the total number of monomers
per chain Ntot and to the effective degree of composition
polydispersity, ∆ ) 4〈(f - fh)2〉, where fh is the mean
composition:

for tetrablocks. For starblocks, one should substitute N
by 2N and take into account a possible change in ∆. If

one assumes that the composition fluctuations δf ) f -
fh of the two tetrablocks that compose a starblock are
statistically independent, one can get ∆SB ) ∆TB/2,
which would predict the same intensity for the polydis-
persity mode for TB and SB systems.

Experimentally (Figure 9), the intensity of the poly-
dispersity mode for the SB-4 solutions is about 2.5-3
times higher than that for the TB-4 with this difference
becoming less for SB-2/TB-2 and almost nonexistent for
the SB-1/TB-1 pair. A higher intensity for the SB system
may be expected if the composition fluctuations in the
two tetrablock parts of the starblock are correlated. The
strongest correlation implies that ∆SB ) ∆TB and, thus,
Ip,SB ) 2Ip,TB; however, there is in principle no apparent
reason for that strong correlation of composition fluc-
tuations. The above treatment assumes that the com-
position polydispersity for the starblock originates only
from the composition polydispersity of the linear tet-
rablock. However, due to the complicated synthesis
procedure,21 other sources of composition polydispersity
may contribute as well. At any rate, Ip/Ntot vs φ (eq 13)
is currently the most reliable measure of composition
polydispersity (∆) in block copolymers.

Figure 10 shows the concentration dependencies of
the diffusion coefficients of the polydispersity mode, Dp,
for the three SB/TB pairs together with the self-diffusion
coefficients, Ds, measured by PFG-NMR. Note that the
dynamics of the polydispersity mode (Figure 8b) is still
diffusive even at the high concentrations of SB-4, even
when the intensities of the mode show the peculiar
behavior discussed above in relation to Figure 8a. In
contrast to the data for the internal mode, the diffusion
coefficients show the effect of the different molecular
weights of the SB and TB systems. The self-diffusion
coefficients show very similar behavior with the poly-

Figure 9. Copolymer concentration dependence of the inten-
sity of the polydispersity diffusive mode at 20 °C for solutions
in toluene of TB-4 (4), SB-4 (2), TB-2 (O), SB-2 (b), TB-1 (0),
and SB-1 (9). The solid line denotes the φ1 dependence. When
error bars are not shown, they are less than or equal to the
size of the points.

Ip,TB = φ

υ
Ntot∆ ) φ

υ
N∆ (13)

Figure 10. Copolymer concentration dependence of the
diffusion coefficients of the polydispersity mode, Dp, and the
copolymer self-diffusivity measured by PFG-NMR, Ds, at 20
°C for solutions in toluene of (a) TB-4 and SB-4, (b) TB-2 and
SB-2, and (c) TB-1 and SB-1. In all three, (4) Dp of TB, (2) Dp
of SB, (3) Ds of TB, and (1) Ds of SB. The error bars are less
than or equal to the size of the points.
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dispersity diffusion coefficients, and the agreement
between Dp and Ds for all samples is very good.

The relaxation of the “polydispersity” composition
fluctuations proceeds via the self-diffusion of the co-
polymer chains,16,31 with the predicted rate Γp ) Dpq2

= Dsq2 for small ∆. Within Rouse dynamics the self-
diffusion coefficient is just inversely proportional to the
molecular weight, i.e., Ds ) D0/Ntot, where D0 is the
effective monomer mobility (renormalized by the pres-
ence of the solvent). Therefore, the prediction for the
SB and TB pair is Ds,SB ) 0.5Ds,TB. Experimentally, the
ratios of the diffusivities of SB to TB vary from 0.7 (4
wt %) to 0.3 (20 wt %) for SB-4 and TB-4 and 0.7 (5 wt
%) to 0.25 (30 wt %) for SB2 and TB-2; it is around 0.7
for SB-1 and TB-1. In principle, the smaller size of star
molecules compared to linear ones of the same molecular
weight should be taken into account together with the
characteristic concentration for entanglements.22 The
effect of macromolecular architecture on the self-diffu-
sion coefficients for copolymeric systems was indeed
investigated before for diblock and simple graft copoly-
mers.22 There, it was suggested that for not-well-
entangled solutions the different entanglement charac-
teristics of the parent homopolymers as well as the
smaller size of star molecules compared to linear ones
should be taken into account. The self-diffusion data
would collapse onto a master curve when plotted as
[Ds(gN)νNe

1-ν] versus [φ/φe] with φe the characteristic
concentration for entanglements, φe ) [Ne/(gN)]3ν-1,
where ν is the Flory exponent (ν ) 0.59 for good
solvents), Ne is the number of segments corresponding
to the average entanglement molecular weight, and g
is the ratio of the square of the radius of gyration of
the star to that of the linear molecule with the same
molecular weight. Note that, for linear chains, the above
representation is equivalent to the extensively used
D/D0 versus c/c* scaling (D0 is the extrapolated tracer
diffusion at zero concentration c and c* is the overlap
concentration) when comparing solutions of the same
polymer (constant Ne); for different Ne’s, however, the
Ne factor should also be taken into account.32,22 In the
present case of copolymers with the same composition,
the Ne’s are the same, and the Ne factor is irrelevant.
Figure 11 shows the representation of the self-diffusion

data for the three SB and TB pairs according to this
scaling, where a collapse onto a master curve is evident
when the total molecular weight is used. In the same
plot, data are shown for the linear diblock copolymer
SI-57 (MW ) 159 000, N ) 1876, fPS ) 0.542) from ref
22, which also fall on the same master plot.

Therefore, the differences in the self-diffusivities can
be accounted for by the differences in the total molecular
weight and the effect of the star architecture (g factor).
The possibility of the interference of friction effects can
be eliminated by utilizing the product of the self-
diffusion coefficient, Ds, which is almost the same as
the polydispersity diffusivity, Dp, times the longest
relaxation time, τ1, which is proportional to Γint

-1 (eq
10b). It is predicted that DpΓint

-1 ∝ φ-0.23N for both
Rouse and reptation regimes.22,33 The inset of Figure
11 shows the concentration dependence of the product
DpΓint

-1, where agreement is observed with the φ-0.23

dependence. Since the Γint’s were shown to be the same
between SB and TB (Figure 5 and eq 10), the observed
difference in DpΓint

-1 between the data for the two SB
and TB pairs is due to the different total molecular
weights of SB and TB affecting the diffusivities.

“Extra Process”. It was shown above that at high
concentrations the apparent intensities of the polydis-
persity process for SB-4 exhibit an extra dependence on
the wavevector. This may be due to an extra “process”
that is unresolved by the inverse Laplace transform
analysis (eq 3). As discussed above, the extra intensity
associate to this “phantom” process can be estimated
as {Ip(q) - Ip(qf0)} and increases with scattering angle,
as evident from the data in Figure 8a; this extra
intensity is shown in Figure 12 for the 90° scattering
angle. The data exhibit a concentration dependence
much stronger than φ1, indicating an induced process.
In a linear representation, this would mean that the
intensities apparently do not go smoothly to zero at zero
concentration, but it appears as if they are due to a
process that develops above a certain concentration. One
should also mention that although the presence of such
extra intensity due to a mode that is unresolved by the
analysis should in principle influence the dynamics, i.e.,
the q2 dependence of the effective relaxation rate of the

Figure 11. Self-diffusion coefficients of solutions in toluene
of TB-4 (4), SB-4 (2), TB-2 (O), SB-2 (b), TB-1 (0), and SB-1
(9) as well as of SI-57 diblock22 (]) in the representation [Ds-
(gN)0.59Ne

0.41] versus [φ/φe] with φe ) [Ne/(gN)]0.77. Inset: con-
centration dependence of the product DpΓint

-1 for solutions in
toluene of TB-4 (4), SB-4 (2), TB-2 (O), and SB-2 (b) with the
line denoting the expected φ-0.23 dependence. The error bars
are less than or equal to the size of the points.

Figure 12. Concentration dependence of the intensity associ-
ated with the “extra process”: for SB-4, the extra intensity
contribution to the apparent intensity of the polydispersity
mode {Ip(q) - Ip(qf0)} is shown at 90° (2) scattering angle.
For SB-2 (b) and SB-1 (9), the angle-independent intensities
of the new intermediate mode are shown. The solid line
denotes the φ1 dependence not followed by the data. When
error bars are not shown, they are less than or equal to the
size of the points.
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third mode in the correlation function, this is not really
the case (Figure 8b), which suggests a contribution of a
process with a q dependence in its rate.

To verify the existence of such a “process” which is
hidden in the SB-4 system, the investigations for the
SB-2 and SB-1 starblocks were extended to high con-
centrations still in the disordered state. Figure 13a
shows the net polarized intensity autocorrelation func-
tions at 90° scattering angle for the SB-2/toluene
solutions for three different concentrations, with the
distribution of relaxation times multiplied by the total
polarized intensity normalized to that of toluene shown
in the inset. The cooperative diffusion and the polydis-
persity mode are the only modes observed at 10.9 wt
%, whereas the intermediate internal process is identi-
fied at 20.7 wt %. However, when the concentration is
increased to 33.3 wt %, a fourth relaxation is observed
between the internal and the polydispersity modes. The
intensity of this process is of the same magnitude as
that of the internal mode. Figure 13b shows the angular
dependence of the net polarized intensity autocorrela-
tion functions for the 33.3 wt % SB-2/toluene solution.
Observation of the distribution of relaxation times in

the insets shows the known behavior for the fast
cooperative diffusion, the slow polydispersity mode, and
the fast intermediate internal mode (see above) whereas
the slow intermediate process shows an apparent q-
independent amplitude together with a q-dependent
rate. The low amplitude of the mode and its appearance
as a separate process at angles less than 105° precludes
the determination of the exact functional dependence
of its rate (i.e., whether it is diffusive). However, its
existence in the correlation functions is evident. More-
over, when a different solution of the inverse Laplace
transform is chosen with only three processes, this leads
to a loss of the known characteristics of the internal
mode (in that case, the one intermediate process shows
a q dependence of its rate) whereas the fit shows
systematic deviations.

There are indications for the existence of such a
process in the SB-1 system. However, in that case, this
appears only above about 35 wt %; it has very low
intensity, but, most importantly, it appears as a shoul-
der on the slow side of the internal mode (which is also
observed at very high concentrations).

This extra process is observed near the ODT in the
disordered state with the associated intensity Iextra
exhibiting a strong concentration dependence (stronger
than φ1, as mentioned before) as shown in Figure 12
for all SB’s; this corroborates the notion that the extra
process is fluctuation-induced. Moreover, the dynamics
of this process show a strong dependence on the molec-
ular weight and on the block asymmetry parameter λ
(these are the two differences among the SB samples):
it is hidden close to the internal mode for the lowest
molecular weight SB-1 (λ ) 0.5) having Dextra/Dp = 30
(at ∼40 wt %), and it is observed between the self-
diffusion and the internal mode in SB-2 (λ ) 0.33) with
Dextra/Dp = 15 (at ∼35 wt %), whereas it is apparently
hidden together with the self-diffusion in the high
molecular weight SB-4 (λ ) 0.2), presumably having
Dextra/Dp = O(1).

The origin of such a process can only be speculated.
We have shown earlier for high molecular weight
entangled diblocks that two modes of structural relax-
ation10 can be observed: one associated with the relax-
ation of composition fluctuations via a reptation mech-
anism and one related to the Rouse-like motion of the
chains within their tubes; however in that case, the
process that appears at higher concentrations (when the
solution becomes entangled) is the faster of the two, and
thus, it is by no means related to the possible process
here. One may also envision such a mode to be related
to a structural mode of an assembly of the starlike
molecules due to a spatial correlation between star
centers relaxing via collective rearrangement; such a
mode has been recently observed34 in solutions of
multiarm stars homopolymers. That process was ob-
served due to the finite contrast between the star-core
region (more dense) and that away from the core,
whereas its intensity was decreasing with concentration;
in the present case of the four-arm SB the intensity
increases with concentration faster that φ1 (Figure 12).

An intermediate mode between the internal and the
polydispersity processes has been also observed in only
two cases of linear diblocks in the melt near the ODT;35

it was actually designated as the “x-mode”. In that case,
the authors attributed the existence of such a diffusive
process to the existence of remaining homopolymer in
the diblock sample. However, PFG-NMR on the same

Figure 13. (a) Net polarized intensity correlation function
at 90° scattering angle and 20 °C for 10.9 wt % (0, 9), 20.7 wt
% (O, b) and 33.3 wt % (4, 2) disordered SB-2/toluene
solutions. Insets: the corresponding distributions of the
relaxation times L(ln τ) multiplied by the total scattering
intensity normalized to that of toluene I. The two arrows
denote the two intermediate processes for 33.3 wt %. (b) Net
polarized intensity correlation functions for a 33.3 wt %
disordered SB-2/toluene solution at 20 °C for three different
scattering angles 150° (0, 9), 90° (O, b) and 45° (4, 2).
Insets: the corresponding distributions of the relaxation times
L(ln τ) multiplied by the total scattering intensity normalized
to that of toluene I.
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samples did not show a second diffusion process besides
the normal self-diffusion of the diblock chains which
corresponds to the polydispersity mode.36 Moreover, a
recent investigation of the dynamics of composition
fluctuations in solutions of mixtures of a linear diblock
with a homopolymer showed37 that the addition of
homopolymer of the same molecular weight mainly
affects the characteristics (intensity and rate) of the so-
called polydispersity mode without any indication of an
extra, faster process.

A mode with characteristics similar to the one dis-
cussed herein has been recently observed in the cor-
relation functions of solutions of A2B simple graft
copolymers, to be discussed in a subsequent paper.38

Again in that case, the extra process appeared at high
concentrations and actually above the concentration φe
where entanglement effects should begin to become
important and as the concentration of the three-arm
star approaches the ODT. The preceding findings for
SB’s and A2B’s, along with the fact that there are no
indications for the existence of such a process neither
in the solutions of the linear tetrablocks nor in previous
works on diblock copolymer solutions,14-16,31 lead us to
tentatively believe that this process is due to the starlike
macromolecular architecture.

An unusual increase of the small-angle X-ray scat-
tering intensity at the lowest accessible wavevectors
(>0.14 nm-1) was observed39 in solutions of poly-
(styrene-b-isoprene-b-styrene), SIS, triblock copolymer
in a neutral solvent (DOP) near the ODT in the
disordered state. The increase of this intensity with
temperature T above the TODT was ascribed to the
enhanced osmotic compressibility between SIS and
solvent, i.e., to total polymer concentration fluctuations.
In our case, however, the intensity of the cooperative
diffusion process, which is associated with this contribu-
tion, was found to depend on concentration similarly
with that for semidilute homopolymer solutions.

On the theoretical side, the coexistence between
disordered and ordered regions near the ODT for diblock
copolymers in a good nonselective solvent is conceivable
in the work of Fredrickson-Leibler.13 The coexistence
between solvent-rich disordered and solvent-poor or-
dered phases disappears at concentrations φ > φODT.
These spatial inhomogeneities may introduce an ad-
ditional contribution to the osmotic compressibility,
leading to scattering at low wavevectors. However, these
dispersed particles of a new phase may also give rise to
a scattering maximum at finite q even for a nucleation
and growth mechanism;40 i.e., the measured intensity
at low q’s may increase by increasing q. To address
further the effect the proximity to the ODT, the 39.8
wt % SB-2/toluene solution, which was just ordered at
20 °C, was heated to 40 °C and measured. The correla-
tion function at 40 °C (where the sample is disordered
and apparently away from the ODT) did not show any
indication of the existence of the extra process similarly
to the situation at low concentrations. (The cooperative
diffusion, the internal process, and the polydispersity
mode were identified and behaved normally with the
scattering wavevector.)

IV. Concluding Remarks

Photon correlation spectroscopy and pulsed-field-
gradient NMR were used to investigate the effect of the
macromolecular architecture on the relaxation of com-
position fluctuations in block copolymers at low wavevec-

tors. Utilizing semidilute solutions of linear tetrablocks
and inverse starblocks composed of two identical tet-
rablocks jointed at the middle, it has been shown that
the concentration and composition fluctuations relax via
the cooperative diffusion, the internal copolymer mode,
and the polydispersity diffusive process, similarly to
diblock copolymers. The relaxation of the composition
fluctuations in the inverse starblock copolymer does not
necessarily proceed with the longest relaxation time of
the whole chain with the macromolecular architecture
affecting the characteristic relaxation time. For the
particular case of the tetrablock and the inverse star-
block, the internal modes possess the same intensities
and relaxation rates, meaning that linking together two
tetrablocks into a single star does not change the
polarization of each tetrablock chain. The self-diffusivi-
ties, on the other hand, show the effect of the molecular
weight and the architecture. Evidence is also presented
for the existence of an extra process for the starblock
copolymers at high concentrations near the ODT be-
tween the polydispersity and the internal mode. The
origin of such process is not understood at this time.
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