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Gaussian- to Stretched-Coil Transition in Block Copolymer Melts
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Two scaling regimes, D-N with 8 0.49+0.02 and 0.80~0.04, have been identified in a model set
of nearly symmetric diblock copolymer melts, where D and N are the system periodicity and degree of
polymerization, respectively. The crossover from 8=0.49 to 0.80 is identified as the Gaussian- to
stretched-coil transition (GST). Contrary to current theory, the GST occurs well below the order-
disorder transition (ODT), NGsr=0. 57NopT. We associate b=0.80 with the crossover from weak-

segregation (b —, ) to strong-segregation (b- —', ) behavior.

PACS numbers: 64.70.Dv, 36.20.Ey, 61.12.Ex, 64.60.Cn

Block copolymers are large molecules composed of se-
quences (i.e., blocks) of chemically distinct repeat units.
The simplest molecular architecture is obtained by con-
necting a block of A repeat units end to end with a block
of 8 repeat units. Such a configuration is known as an
3-8 diblock copolymer. More complex molecules can be
created by linking together two or more diblock copoly-
mers leading to the formation of (A-B)„starblock co-
polymers. The ability to independently specify the
molecular architecture, composition, and the overall
block sizes, provides unparalleled control over the ulti-
mate phase behavior of these morphologically diverse
materials. Accordingly, this class of polymers has com-
manded both theoretical and experimental attention for
over two decades.

The phase behavior of undiluted block copolymers
(melts) is determined by three factors:' the overall de-
gree of polymerization, N=N~+Nq, architectural con-
straints characterized by n and the composition f
(overall volume fraction of the A component), and the
A-8 segment-segment interaction parameter g (a seg-
ment is usually defined as a repeat unit). The first two
factors are regulated through the polymerization stoi-
chiometry and influence translational and configurational
entropy, while the magnitude of (the largely enthalpic) g
is determined by the selection of the A-8 monomer pairs;
e.g. , for hydrocarbon polymers g=aT '+p, where a
and P are system-dependent constants.

At equilibrium a block copolymer melt will be ar-
ranged such that the overall free energy is minimized.
Decreasing temperature (i.e., increasing g) favors a
reduction in 2-8 segment contacts. If N is suSciently
large, this may be accomplished by local compositional
ordering as illustrated in Fig. 1(c) for the symmetric
case f=0.5 where a lamellar phase is observed (other
ordered-phase geometries are obtained for certain
f&0.5). Alternatively, if either g or N is decreased
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FIG. 1. Schematic illustration of the speculated real-space

morphology of a symmetric (f= —,
' ) diblock copolymer melt.

GST and ODT refer to the Gaussian- to stretched-coil transi-
tion and order-disorder transition, respectively.

enough, entropic factors will dominate, leading to a com-
positionally disordered phase as depicted in Fig. 1(a).
Since the entropic and enthalpic contributions to the
free-energy density scale, respectively, as N ' and g, it
is the product gN that governs the block copolymer
phase state. ' For f=0.5, the order-disorder transition
(ODT) occurs when gN/n —10. Since the n =1 case has
received the most comprehensive theoretical treatments
and because the above factors qualitatively influence
phase behavior independent of n, we have focused our
experimental research efforts on model diblock copoly-
mers.

Two limiting regimes have been postulated to charac-
terize the diblock copolymer phase diagram. For
gN «10, a copolymer melt is disordered and the A-8 in-

teractions are sufficiently weak that the individual chain
statistics are unperturbed (i.e., Gaussian). The connec-
tivity of the two blocks and the incompressibility of the
melt, however, lead to a correlation hole' that is mani-
fested in scattering measurements as a peak correspond-
ing to a fluctuation length D-Rg aN', where Rg is
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the copolymer radius of gyration and a is a characteristic
segment length. As gN is increased to —10, a delicate
balance between energetic and entropic factors produces
a disorder-to-order transition. Current ODT theories'
make the assumption that in the vicinity of this transi-
tion the 2-8 interactions are sufficiently weak that the
individual copolymers remain essentially Gaussian, the
microdomain period scales as N', and the ordered-
phase composition profile is approximately sinusoidal.
This is referred to as the weak-segregation-limit (WSL)
assumption. The second limiting regime of phase behav-
ior is referred to as the strong segregation limit (SSL)
and corresponds to gN»10. In the SSL narrow inter-
faces of width ag 'i separate well-developed, nearly
pure A and 8 microdomains. The interaction energy as-
sociated with A-8 contacts is localized in these interfa-
cial regions. Equilibrium is established by minimizing
the total interfacial area under the entropic penalty of
extended chain configurations, necessitated by the con-
straint of incompressibility. These opposing forces lead
to stretched coil configurations and ordered-phase
periods that scale as s D-aN i g'is. The crossover be-
havior of D between these extreme limits of WSL and
SSL can evidently be described by an expression of the
form D-aN'i +(gN), where the crossover scaling func-
tion O(x) has the limiting behaviors @(x)—I for x 0,
and e(x) -x '" for x- ~.

Although there exists an extensive literature dealing
with block copolymer melts, we are unaware of any ex-
perimental evidence of a Gaussian- to stretched-coil
transition which would signal a departure from strictly
weak-segregation behavior. Neither have we found
direct experimental support for the WSL assumption in

the vicinity of the ODT. In the ordered regime several
experimental studies report ' D-N'i' (with one note-
able exception where D-N ) and the SSL predic-
tions are widely accepted as factual. In this Letter we

report, to our knowledge, the first experimental evidence
of a Gaussian- to stretched-coil transition in block copo-
lymer melts. We also identify a previously unrecognized
crossover scaling regime that separates the weak and

strong segregation limits.
A series of nearly monodisperse poly(ethylene-pro-

pylene)-poly(ethylethylene) (PEP-PEE) diblock copoly-
mers containing 55% by volume PEP was synthesized
and characterized as described in a previous publica-
tion;' based on a repeat unit mass of 56 g/mol the sam-

ples range in size from N=125 to 1890. Neutron-
scattering contrast was obtained by preferentially substi-
tuting deuterium for hydrogen on one of the blocks. The
molecular structure of the PEP-PEE molecule is shown
in Fig. 2. These nearly symmetric block copolymers are
characterized by a lamellar morphology for g%
& (gN)onT as demonstrated in a recent publication. ' '

Small-angle neutron-scattering (SANS) data were ob-
tained at 23 C using the 30-m instrument at the W. C.
Koehler small-angle-scattering facility located at Oak

Ridge National Laboratory. Experiments were conduct-
ed with A, 4.75 A (hX/ll, =0.06) wavelength neutrons
and a pinhole collimation geometry. The azimuthally
symmetric two-dimensional scattering patterns were re-
duced to one-dimensional form [intensity versus scatter-
ing wave vector q =4' ' sin(8/2), where 8 is the
scattering angle] following established procedures. Four
representative SANS patterns are presented in Fig. 3.
As shown elsewhere' smearing effects for this type of
SANS pattern are not significant for the measurements
reported here.

The characteristic lamellae period D for symmetric
block copolymers is inversely proportional to the small-
angle-scattering-peak position q*,

D -2z/q*
so that

q*-N
where 8'

2 and 3 for the WSL and SSL theories, re-
spectively. The results of our SANS experiments on
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FIG. 3. Representative SANS patterns for the PEP-PEE di-
block copolymers. Curves are a guide to the eye.
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FIG. 2. Molecular structure of the poly(ethylene-propyl-
ene)-poly(ethylethylene) diblock copolymer. This depiction
shows one type of deuterium (D) labeling used to obtain
neutron-scattering contrast.
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FIG. 4. Dependence of the SANS peak position q* on the
degree of polymerization W. Location of the ODT has been in-

dependently determined (Refs. 1 l and l 3).

nine PEP-PEE diblock copolymers are summarized in

Fig. 4. Two scaling regions are clearly evident in this

plot of ln(q*) vs ln(N) (here N refers to the number
average degree of polymerization). For the three
lowest-molecular-weight samples b=0.49+0.02, essen-

tially in exact agreement with Gaussian-coil statistics
(b =0.5). Furthermore, the WLS prediction ' for
q*(N), based on independently determined values of a
for PEP and PEE, '' is within 10% of that obtained ex-

perimentally.
The six highest-molecular-weight samples follow a dis-

tinctly diff'erent scaling behavior, with 6=0.80+ 0.04.
Here the polymer coils are clearly in a stretched
configuration; for our largest specimen, N=1890, the
measured D is nearly 1.6 times that obtained by extrapo-
lation from the Gaussian-coil (WSL) regime. We iden-

tify the Gaussian- to stretched-coil transition, denoted
GST, as the intersection of these two scaling regimes:
NosT =460 at 23'C for the f=0.55 PEP-PEE system.

In several recent publications we have shown that the
block copolymer order-disorder transition can be precise-

ly located using either rheological ' or small-angle-
scattering techniques. ' ' We have exploited these meth-
ods in identifying TQDT for four of the samples included
in Fig. 4, from which we determine NQDT =803 at 23 C
as indicated by the vertical line in Fig. 4. Thus, the
stretched-coil behavior extends well into the disordered
state, ÃGsT=0. 571VQDT contrary to the Gaussian-coil
assumption which characterizes the current ODT
theories. ' It should be noted, however, that Semenov'
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has recently proposed a pretransitional micellar phase
for strongly asymmetric (f 0 or l ) copolymers in
which chains within spherical micelles are characterized
by stretched configurations. At the ODT the block copo-
lymer coils are stretched 13% relative to the unperturbed
dimension. This is in striking agreement with a recent
Monte Carlo simulation by Minchau, Diinweg, and
Binder, ' where a 15% increase in Rg was recorded as
the ODT was approached. [Conversely, Chakrabarti,
Toral, and Gunton' find agreement with WSL behavior
(8=0.5) in a two-dimensional Monte Carlo simulation
of diblock copolymers. ]

As indicated in Fig. 4 we find b=0.80~0.04 for
N & NGsT. This confirms the generally overlooked result
of Hadziioannou and Skoulios, 8=0.79+0.02, for or-
dered polystyrene-polyisoprene diblock copolymer s.
However, this confirmation confiicts with the SSL pre-
diction, and other experimental studies that report
8=—2

Previous experimental investigations of length scaling
in block copolymers have been conducted exclusively
with polystyrene-polydiene diblock and triblock copoly-
mers. In all cases, small-angle-scattering specimens
were prepared by solvent casting, a procedure notorious
for producing nonequilibrium states. For example, two
separate groups ' found b'=0. 4 for solvent-cast poly-
styrene-polydiene block copolymers characterized by a
spherical microstructure. The reason for this seemingly
anomalous (b & 0.5) result is that the ODT occurs in a
solution state;' subsequent solvent removal produces a
trapped, nonequilibrium bulk state. In fact, solvent cast-
ing is commonly used to induce nonequilibrium phase
formation. Such nonequilibrium phases can remain
stable for long times owing to sizable free-energy bar-
riers to microstructural rearrangement. Because poly-
styrene is a glass below 100'C, these nonequilibrium
effects are fixed indefinitely at room temperature, where
small-angle-scattering measurements are typically con-
ducted. What distinguishes the work of Hadziioannou
and Skoulios is that these authors employed a novel

shearing device, operated above 100'C, in order to over-
come barriers to achieving equilibrium, prior to cooling
their scattering specimens to room temperature.

Achieving an equilibrium state in our experiments is
facilitated by two factors. First, the glass transition for
the PEP-PEE materials lies more than 50 C below room
temperature, which means our samples are continuously
annealed. Second, our ordered-state experiments were
conducted considerably closer to the ODT, N/NoDr
&2.4, than most of the polystyrene-polydiene experi-
ments. Free-energy barriers for structural rearrange-
ment are lowest near the ODT. Thus, we conclude that
8=0.80 represents the equilibrium scaling behavior that
emerges from the WSL regime.

The results of this study lead us to conclude that block
copolymer melts are characterized by four distinct states.
When gN & (gN)osT, the system exists as a spatially
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homogeneous melt of unperturbed Gaussian coils, as de-
picted in Fig. 1(a), corresponding to the conventional
WSL (h =

2 ). For (gN)psst & gN & (gN)poq, the sys-
tem remains disordered but is characterized by large-
amplitude compositional fluctuations accompanied by
chain stretching, leading to 8'=0.80. Our interpretation
of the (instantaneous) morphology in this regime is illus-
trated in Fig. 1(b). Compelling evidence of composition
fiuctuations in disordered PEP-PEE block copolymers
near the ODT can be found in rheological and SANS
data as detailed in separate publications. "' ' Increas-
ing gN above (gN)por leads to a weak first-order transi-
tion to an ordered phase as illustrated in Fig. 1(c). Al-
though ordering has a profound effect on the system dy-
namics, ' q*(N) appears to be unaffected by the ODT;
i.e., 8=0.80 above and below this transition. [In a re-
cent report'' we have shown that q*(T) is also
unaffected by the ODT.j Based on the results obtained
by Hadziioannou and Skoulios this scaling regime ap-
pears to persist well into the ordered phase, i.e., for
N/Npoq) 10. Compelling theoretical arguments lead
us to believe that there is likely to be a final transition
into the SSL, where b= —', . Thus, we conclude that the
8=0.80 scaling behavior represents a crossover regime
that separates the WSL and SSL. Current theories,
however, suggest the existence of a crossover regime with
an exponent intermediate between the two limits, i.e.,
8=0.64.

In summary, we have identified the Gaussian- to
stretched-coil transition in a model set of block copoly-
mer melts. Departure from Gaussian-coil statistics
preceeds the order-disorder transition and extends well
into the ordered state. We find D-N o in the'—
stretched-coil regime, where D and N represent the sys-
tem periodicity and degree of polymerization, respective-
ly. These results are not accounted for by current
theory.
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