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Abstract: Time-resolved small-angle x-ray scattering studies were performed
on symmetric diblock copolymers of polystyrene and poly(methyl methacry-
late), P(S-b-MMA). Freeze-dried powders of P(S-b-MMA) having a molecular
weight of 8.4 x10* were rapidly heated to temperatures above the glass
transition temperature to initiate the microphase separation. The microphase
separation process was found to consist of a rapid, local microphase separation
followed by a long-term coarsening process. The period characterizing the
lamellar microphase separated structure was found to increase initially and
then saturate at longer times. These results are discussed in light of recent
theoretical developments.
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Introduction

Symmetric diblock copolymers can exist in
either the phase mixed or microphase separated
state [1]. If yN < 10.5, where yx 1is the
Flory—Huggins segmental interaction parameter
and N is the number of monomer units in the
copolymer chain, the copolymers will be phase
mixed where the segments of the two blocks are
intimately mixed. This spatial distribution of
chains segments is not completely random due to
the interconnectivity of segments which gives rise
to the now classic correlation hole scattering ob-
served for phase mixed diblock copolymers [2]. If
¥N > 10.5, the symmetric diblock copolymer
microphase separates into lamellar microdomains
with a period that can be described in terms of the
molecular weight and the segmental interaction
parameter [3—-6]. It should be noted that, in most
cases, the microphase separation of the copolymer
occurs on cooling. y has usually been character-
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ized by a lT dependence which causes y to increase

with decreasing temperature. Recently, however,
it has been shown [7] that diblock copolymers
can microphase separate upon heating. Here,
equation of state effects cause x to increase with
increasing temperature in a manner similar to
that of polymer mixtures [8, 9]. In analogy to
polymer mixtures, what has been termed the or-
der-to-disorder transition in diblock copolymers
can be termed the upper critical ordering tran-
sition, UCOT, and this new transition can be
termed the lower critical ordering transition,
LCOT.

Whether a diblock copolymer exhibits an
LCOT or UCOT, as the measurement temper-
ature approaches the transition temperature, the
concentration fluctuations in the disordered state
increase in amplitude and induce the phase tran-
sition [10, 11]. As the transition temperature is
increased, the dominant period of the fluctuations
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increases and gives rise to a pretransitional chain
stretching [ 12—14]. The increase in the correlation
length and amplitude of the fluctuations is similar
to that exhibited by simple homopolymer mix-
tures. It is tempting, therefore, to consider the
microphase separation of diblock copolymers in a
similar light. However, due to the connectivity of
the two blocks, the period of the fluctuations is
limited [15—-17]. Thus, one may expect that the
short wavelength fluctuations will be suppressed
since the gradient energy term in the free energy
will be too large to support these fluctuations. The
long wavelength fluctuations, on the other hand,
will be fully suppressed since the connectivity of
the two blocks will preclude these fluctuations.
Herein, experimental data is presented on the
kinetics of microphase separation of diblock co-
polymers after the copolymer has been rapidly
brought from a condition where y N < 10.5 to one
where yN > 10.5. A novel preparation condition
is introduced whereby such quenching is made
easily.

An additional driving force for these studies
stems from some recent work dealing with the
kinetics of ordering of thin diblock copolymer
films on a surface [18, 19]. In these studies it was
observed that copolymer films initially spin
coated ownto a silicon substrate were microphase
separated. However, the average period of the
microphase separated structure was ~ 1/3 that of
the equilibrium period of the equilibrium, lamel-
lar microphase separated structure. After a short
period of annealing at temperatures above the
glass transition temperature, 7,, a rapid local
reorganization of the copolymer chains occurred,
giving rise to a period that was close to the
equilibrium period. However, the morphology
could be described as a bicontinuous network
structure which provided an easy mechanism by
which the ordering of the lamellar microdomains
parallel to the surface could occur. With further
annealing above T, the ordering of the lamellar
microdomains propagated into the sample from
both surfaces at the expense of the bicontinuous
structure. After extensive annealing, the ordering
of the lamellar microdomains saturated the
sample. These results suggested that the micro-
phase separation of the diblock copolymer occur-
red at least in a two-step process. Initially, there
was a local relaxation of the chains to a structure
that approximated the equilibrium period. How-

ever, a long-term coarsening process occurred.
This behavior should be directly observable by
time-resolved x-ray scattering studies on bulk
samples.

Experiment

The copolymers used in this study were sym-
metric diblock copolymers of polystyrene, PS,
and poly(methyl methacrylate), PMMA, denoted
P(S-b-MMA). The copolymer has an M, = 84
x 10* with an M, /M, = 1.04. The interaction
parameter, ¥, between PS and PMMA segments
of this copolymer has been shown to be given by
[20, 21] y = 0.021 + 3—%(—) where T is the temper-
ature in Kelvin. y is seen to be weakly temperature
dependent and, for temperatures below ~ 220°C,
g N ~ 24, Consequently, the copolymer will
microphase separate into lamellar microdomains
for all temperatures above T,. To force the
copolymer into a phase mixed state, the copoly-
mer was dissolved in benzene. The solution was
then frozen at 0 °C and the benzene was sublimed
into a liquid nitrogen trap. This left a diaphanous
powder which was collected and cold pressed into
a pellet which was used for the scattering ex-
periments. Consequently, the copolymer was
trapped in a highly non-equilibrium state. The
pellets were then placed in a sample cell and
rapidly heated to a specific temperature above T,
using a Mettler FP-85 hot stage. The cell is de-
signed such that incident and scattered x-ray
could pass through the cell unhindered.

Time-resolved x-ray scattering studies were
performed on Beamline I-4 at the Stanford Syn-
chrotron Radiation Laboratory. The specifics of
the scattering geometry can be found elsewhere
[22]. Briefly, the x-rays from the storage ring were
focussed vertically by a symmetrically bent float
glass mirror coated with platinum. The x-rays
then impinged upon an asymmetric bent Si crystal
which served to monochromate the x-ray beam
and focus the beam horizontally. The horizontal
and vertical focal plane of the x-rays was at the
linear photodiode array detector. Data from the
detector was stored at specified time intervals on
an IBM PS/2. Slits were used to eliminate para-
sitic radiation. A 50 um sheet of Kapton, inclined
45° to the incident beam, placed just prior to the
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sample scattered a small fraction of the incident
radiation into a Nal crystal scintillation detector
which served to monitor the flux incident on the
sample.

Approximately 15s were required to heat the
sample to the temperature of the experiment as
indicated by a thermocouple mounted onto the
sample cell. For each experiment the temperature
was stable to within + 0.2 °C. The scattering from
the sample was recorded once the sample had
reached the desired temperature.

Results and discussion

Shown in Fig. 1 is the scattering profile ob-
tained for the freeze-dried P(S-b-MMA) after cold
pressing. This profile represents the scattering at
time zero (t = 0). As can be seen, the scattered
intensity is a monotonically decreasing function

of the scattering vector Q where Q =47nsin 0

where 26 is the scattering angle and A is the
wavelength. For a diblock copolymer in the dis-
ordered state, a weak scattering maximum,
characterized by the molecular weight of the co-
polymer and the segmental interaction parameter
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Fig. 1. Small-angle x-ray scattering of a freeze-dried P(S-b-

would be expected. This is not seen here since the
x-ray contrast between the PS and PMMA blocks
is low. The angular dependence of the scattering
arises from small microvoids which are present in
the sample due to the preparation conditions.
From a Guinier analysis of the scattering, one can
estimate an average void size of ~ 80 A. The data
was not placed on an absolute level and, con-
sequently, no information could be derived pertai-
ning to the volume fraction of the voids in the
sample. However, it is very clear that the micro-
phase separation of the copolymer has been fully
suppressed by the preparation conditions used.
This sample was annealed for 24 h under vacuum
and the scattering profile shown in Fig. 2 was
obtained. Here, a maximum characteristic of the
lamellar microphase separated morphology is
evident. The maximum the scattering profile oc-
curs at Q =0.019 A which corresponds to a
period of 330 A. This scattering profile represents
the structure of the copolymer after microphase
separation and it is the change in the scattering
profile as a function of time from that shown in
Fig. 1 to that in Fig. 2 which is the focus of this
work. It should be noted that a third order reflec-
tion is not evident in the scattering profiles. While
this would be expected. Porod analysis of the tail
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MMA) copolymer as a function of the scattering vector, Q.  Fig. 2. Small-angle x-ray scattering profile of a P(S-b-MMA)
The profile shown was obtained at room temperature prior copolymer that was freeze-dried and then annealed for 24 h
to the quenching experiment at 140°C
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part of the scattering profile and independent
neutron reflectivity studies [23, 24] show that the
interface between the PS and PMMA micro-
domains is ~ 50 A. This large interfacial width
serves to suppress the scattering at higher
scattering vectors and, consequently, makes the
observation of higher order reflections difficult.
Extended data accumulation times reveals the
presence of the third order reflection as shown
previously [25]. It is important to compare the
two scattering profiles. The dominant amount of
scattering in the initial sample has decreased sub-
stantially at the position where the scattering
maximum of the microphase separated morpho-
logy is observed. Consequently, while the pre-
sence of microvoids in the initial sample may
place some limitations on the interpretation of the
results, the extent to which it will change the
overall conclusions will be minimal.

Shown in Fig. 3 is the time-resolved x-ray
scattering of P(S-b-MMA) after a rapid heating to
140 °C. The full time scale of the measurements is
1100 s. From these data it is evident that the
scattering increases markedly as a function of time
with the gradual development of the characteristic
scattering of the microphase separated structure.
It is also evident that the increase in scattering at
longer times is less dramatic than at shorter times.
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Fig. 3. Time-resolved, small-angle x-ray scattering profiles of
P(S-b-MMA) after quenching to 140 °C. The profiles shown
as a function of time have been offset for clarity. The profiles
are equally incremented in time with the full time range of
this experiment being 1100 s

According to the linearized Cahn-Hilliard—
Cook theory [26-28], for a system undergoing a
spinodal phase separation, the intensity of
scattering at a given Q as a function of time is
given by:

I(Q)a t) = I(Qa OO( + (I(Q7 O)

— (I(Q, ©))exp(2R(Q)1) , (1)

where 1(Q, 0) is the scattering at t =0, I(Q o0)is
the virtual structure factor, and R(Q) is the ampli-
fication factor for fluctuations at a given Q. The
virtual structure factor, in the case of simple
mixtures, is the scattering characteristics of fluctu-
ations at the quench temperature. For quenches
within the spinodal region, I(Q, oo ) can never be
observed since the mixture phase separates [29].
In the case of copolymers, I(Q, o0 )1is given by the
correlation hole scattering of the copolymer at the
quench temperature. This would, of course, lead
to negative scattering intensities according to
mean field arguments.

Attempting to pursue the microphase separa-
tion of block copolymers via the Cahn-
Hilliar-Cook formalism has several severe limi-
tations. First. the size scale over which the
concentrations fluctuations of interest occurs is of
the order of tens of nanometers. The amplification
factor is Eq. (1) is given by: '

R(Q)= —DQ* — MxQ*, )

where D is the diffusivity, M is the mobility and
K is the interfacial energy. If one considers ty-
pical diffusion coefficients for polymers
( ~ 10717 cm?/s), the time required for the poly-
mer to move the distances of interest is on the
order of seconds. Consequently, unless one is very
near the T, of the polymers, it is exceptionally
difficult to measure the kinetics of interest for this
purpose. In fact, the copolymer will have relaxed
sufficiently by the time the sample has thermally
equilibrated to make the measurements nearly
impossible. One possible means to circumvent
this is via pressure quenches where the changes
are essentially instantaneous. A second problem
with the use of Eq. (1) is that the peak in the
correlation hole scattering is not invariant. As the
temperature is brought near the lower or upper
critical ordering transition, the copolymer chains
undergo a pretransitional stretching [12—14]. In
the microphase separated state the copolymer



Russell and Chin, Microphase separation kinetics of symmetric diblock copolymers.

1377

chains are stretched at the interface due to the
non-favourable interactions of the blocks at the
interface. In homopolymer mixtures the scattering
function has a maximum value at Q = 0 A~ and
the concentration fluctuation are not sensitive to
the chain configuration.

Rather than attempting to extract quantitative
information on the mechanism of microphase
separation, be it via a spinodal process or by a
nucleation and growth process, it is worthwhile to
examine the experimental findings. Shown in
Fig. 4 is the period L, calculated from the position
of the peak in the scattering, as a function of time.
The data, plotted in a log-log manner, show
several interesting features. Initially, the period is
constant as a function of time. This is followed by
a gradual increase in the period up to a value
corresponding to the equilibrium period. With
further time, the period is constant to within
experimental error. The increase in the period as a
function of time appears to obey a power law with
an exponent of 0.1. Shown in Fig. 5 is the relative
intensity of the scattering maximum at 140°C as a
function of time. Over the entire time interval the
intensity of the scattering increases in a power law
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Fig. 4. The period, L, of P(S-b-MMA) as a function of time
after quenching to 140 °C. L was calculated from the position
of the scattering maximum. The data are plotted in a log-log
manner
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Fig. 5. The intensity of the small-angle x-ray scattering peak
as a function of time. The data are plotted in a log-log
manner

manner with time with an exponent of 0.53. At
longer times, the intensity begins to increase less
rapidly as noted by the curvature. Similar results
were obtained at 130° and 150 °C. Taken together,
these results indicate that the microphase separa-
tion of the P(S-b-MMA) involves at least three
stages. Initially, concentration fluctuations are es-
tablished at the quench temperature which grow
in amplitude. However, soon the magnitude of the
concentration fluctuations are sufficiently large
that the copolymer chain begins to stretch as
noted by the increase in the period. These fluctu-
ations continue to grow with stretching of the
copolymer chains. Finally, the fluctuations satu-
rate and the equilibrium period is established.
But, the phase separation continues by a coars-
ening of the microphases. This coarsening process
can be characterized by a continuous decrease in
the interfacial width. The interfacial width is ini-
tially large and, with time, diminishes, giving rise
to the increase in the scattering. This essentially
translates into an increase in the fraction of the
period occupied by pure PS and PMMA. These
results are in accord with recent experimental
findings of Stiihn and coworkers [30] on diblock
copolymers of polystyrene and polyisoprene.
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Recently, Muthukumar [31] had extended the
linear analysis of phase separation to include the
case of the microphase separation of diblock co-
polymers. Here, the fluctuations present in a co-
polymer melt are restricted on short and long
wavelength scales. Short wavelength fluctuations
are suppressed because of the gradient energy
term, whereas the longer wavelength fluctuations
are suppressed due to the connectivity of the
blocks. This treatment, which is limited to very
high, essentially infinite, molecular weight copoly-
mers makes distinct predictions for shallow and
deep quenches. These correspond to copolymers
in the weak and strong segregation limits, respec-
tively. For shallow quenches, the period is initially
constant as a function of time. With increasing
time the period then begins to increase in a power
law manner with an exponent of 0.24. At longer
times the period attains its equilibrium value and
remains constant as a function of time. In the deep
quench, the period increases with a power law
exponent of 1/3. Qualitatively, these predictions
describe the data presented here. In the case of
P(S-b-MMA), yN ~ 25, which places the system
between the weak and strong segregation limits.
Consequently, an exponent of at least 1/4 would
be expected. However, the exponent observed
experimentally is significantly less at ~ 0.1. This
discrepancy may arise from the finite molecular
weight of the copolymer studied experimentally
which may negate some of the approximations
used in the theory. However, the qualitative as-
pects of the theory are in accord with the experi-
mental observations. More work, however, is
required experimentally and theoretically to elu-
cidate the origin of the discrepancies.

Conclusions

The kinetics of the microphase separation of
P(S-b-MMA) symmetric diblock copolymers was
investigated by time-resolved, small-angle x-ray
scattering. Using a freeze-drying technique, the
copolymers were brought into the phase mixed
state. Quenching the copolymer to temperatures
above the glass transition temperature placed the
copolymer within the envelope defined by the
spinodal where lamellar microphase separated
domains would form. The scattering data clearly
show that the microphase separation process

occurs via at least a three-stage process. First,
concentration fluctuations over a restricted wave-
length range grow with time. When the fluctu-
ations become sufficiently large, the copolymer
chains undergo a stretching which causes the
period to increase. After the fluctuations saturate
at pure PS and PMMA concentrations, there is a
slow coarsening process in which the interfacial
width of the copolymer microdomains narrows
with time.
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