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Introduction. Controlled radical polymerization (CRP)1-3 has
resulted in relatively facile synthesis of numerous complex and/
or novel polymeric architectures. Among the novel polymers
synthesized via CRP are gradient copolymers which possess a
gradual change in comonomer composition along the whole
chain length or a major fraction of the chain length.4 Gradient
copolymers have been made by batch or semibatch reactions
using all major forms of CRP, including nitroxide-mediated
CRP,5-15 atom transfer radical polymerization (ATRP),16-18 and
reversible addition-fragmentation transfer (RAFT)19 as well as
by ring-opening metathesis polymerization20 and cationic po-
lymerization.21 Gradient copolymers have numerous potential
applications. For example, they can exhibit unusually broad,
single glass transition temperatures (Tgs), as large as 65-100
K, making them candidates for acoustic and vibration damping
materials.12,22 They can also be effective compatibilizers of
immiscible polymer blends.12,14,15

One advantage that has been predicted for gradient copoly-
mers over block copolymers as compatibilizers is related to the
critical micelle concentration (cmc) in homopolymer. Copoly-
mers located within micelles in one or the other phase of an
immiscible blend are not available to serve as interfacial agents.
Thus, copolymers with lower cmc values in the homopolymers
constituting the blend may be less effective as blend compati-
bilizers.23 Several years ago, Shull24 used self-consistent mean-
field theory to predict that gradient copolymers possess signifi-
cantly larger cmc values in homopolymer than those associated
with block copolymers25-29 of similar overall composition and
molecular weight (MW). At present, the only reported investiga-
tions of micelle formation involving gradient copolymers have
been in low-MW solvent18,21,30rather than homopolymer.

Here, we provide the first experimental comparison of the
cmc’s of gradient copolymer and block copolymer in blends
with homopolymer. Specifically, we investigate styrene (S)-
methyl methacrylate (MMA) copolymers present at low levels
in poly(methyl methacrylate) (PMMA). This system was chosen
for two reasons. First, the polystyrene (PS)-PMMA system is
weakly segregating (the Flory-Huggins interaction parameter,
ø, is 0.037-0.038 at temperatures aboveTg

31), which should
yield relatively large cmc’s, eliminating issues with measurement
sensitivity. Second, by selecting S-containing copolymers, we
can employ intrinsic fluorescence to determine the cmc’s of
the copolymers in PMMA. Fluorescence is a powerful method
for characterizing micellization of block copolymers.32-41

However, most studies have been limited to determination of
self-assembly of micelles in solvent rather than homopolymer
and have employed polarity-sensitive fluorescence or fluores-
cence resonance energy transfer (FRET) (sometimes called
nonradiative energy transfer (NRET)) to detect micelles. Such
studies require the addition of free fluorescence dye or covalent
attachment of dyes to the copolymers under study. In contrast,
intrinsic styrene fluorescence has been rarely used for cmc
determinations of block copolymer in solvent40,41and never for
block or gradient copolymer in homopolymer. In the present
study, we show not only that the determination of cmc’s by
intrinsic fluorescence is particularly simple for S-containing
copolymers in a nonfluorescent homopolymer but also that the
cmc of a gradient copolymer is substantially larger than that of
a related block copolymer, in agreement with theory.

Experimental Section.The S-block-MMA copolymer (S-b-
MMA) was from Polymer Laboratories Ltd. (Mn ) 110 000
g/mol,Mw/Mn ) 1.10, and S mole fraction (FS) ) 0.50, reported
by the supplier); PMMA was from Polymer Source (Mn )
106 000 g/mol andMw/Mn ) 1.04, reported by the supplier).
The S-gradient-MMA copolymer (S-g-MMA) was the same as
that in ref 15. Its synthesis and characterization were reported
previously15 (Mn ) 102 000 g/mol andMw/Mn ) 1.58, by gel
permeation chromatography in tetrahydrofuran (THF) relative
to PS standards;FS ) 0.55 by1H NMR), including the proof
of the gradient structure. The block and gradient copolymers
possess nearly identical apparentMn and FS values but very
different sequence distributions.

Films were prepared by solvent-casting 8-9 wt % solutions
of copolymer and PMMA in toluene (Aldrich) onto quartz slides.
The films were dried in a solvent-saturated environment for 48
h and then placed in a vacuum oven. The oven temperature
was gradually increased to 115°C over 120 h. The copolymers
then achieved equilibrium dispersion in PMMA by annealing
for 5 h at 170°C; after this procedure, there was no change in
the intrinsic fluorescence spectra upon further annealing.42 The
solution sample was prepared by dissolving copolymer in
spectroscopic quality THF and adding to a quartz cuvette.

Steady-state fluorescence was measured at 20-21 °C using
a Photon Technology International fluorimeter. The excitation
wavelength was 260 nm, and emission and excitation slits had
band-passes of 2 and 4 nm, respectively. For further details on
measuring fluorescence from films, see refs 42 and 44.

Results and Discussion.Figure 1 compares the fluorescence
emission spectrum of S-b-MMA present at 0.005 wt % in
PMMA to that of S-b-MMA present at 1.0 g/L in THF solution
(micelles are absent in both systems). The fluorescence spectrum
for the dilute copolymer solution in THF is very similar to those
reported previously for dilute solutions of PS43,44or S-containing
block copolymer,40,41 with one peak centered at∼330 nm and
a second, lesser peak centered at 280-285 nm. The lower
wavelength peak, called monomer fluorescence, is due to
emission from single, excited-state phenyl rings; the higher
wavelength peak is due to emission from excited-state dimers
formed when a single excited-state phenyl ring comes into a
sandwich-like arrangement with a second phenyl ring with 3-4
Å separation distance.45 This latter emission is called excimer
fluorescence and in dilute solution results essentially exclusively
from excimer formation involving S-S dyads (resulting in
nearest-neighbor phenyl rings) along the chain backbone.43
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In contrast to the presence of both monomer and excimer
fluorescence when copolymer is dissolved in THF, excimer
fluorescence is virtually absent when copolymer is present at
trace levels in PMMA. The absence of excimer fluorescence
has been reported previously in neat-state or solution-state
random copolymer containing very low S mole fractions,44,46

presumably due to the absence of nearest-neighbor S units along
the chain backbone. However, such a result has never before
been reported for PS or S-containing copolymers with high
levels of S-S dyads. This effect must result from two factors.
First, when trace copolymer is present in a glassy PMMA
matrix, there is insufficient conformational mobility to achieve
sandwich-like conformations of nearest-neighbor phenyl rings
during the several nanosecond lifetime of an excited-state phenyl
ring. Second, a negligibly small population of conformations
leading to direct excitation of excimer is present when S-b-
MMA is at trace concentration in PMMA.

Figure 2 compares the fluorescence spectra of S-g-MMA and
S-b-MMA copolymers in PMMA matrix at different copolymer
concentrations. Like the block copolymer, the gradient copoly-
mer exhibits monomer fluorescence nearly exclusively when
present at trace levels in PMMA. However, when the copolymer
exceeds a certain concentration, there is a measurable level of
excimer fluorescence relative to monomer fluorescence. This
increase in the ratio of excimer to monomer fluorescence is an
indication of the formation of micelles in which there is a high
local concentration of S units within the micelle cores. Other
studies have used the ratio of excimer to monomer fluorescence
in blends of PS with other polymers to characterize phase
separation into PS-rich and PS-lean phases.47,48 It should also
be noted that when intrinsic fluorescence was used to character-
ize micellization in S-containing block copolymer solutions, the
sensitivity was associated with the concentration dependence
of excimer emission band energy40,41and not the ratio of excimer
to monomer fluorescence.

Figure 3 quantifies the copolymer cmc’s via plots of the ratio
of fluorescence intensity at 330 nm to that at 280 nm (I330/I280)
as a function of logarithmic copolymer concentration in PMMA.
At block copolymer concentrations below 0.2 wt %,I330/I280 is
close to zero and nearly independent of concentration. At block
copolymer concentrations exceeding 0.2 wt %,I330/I280 rises
sharply with concentration. An intersection of the linear fits to
the low and high concentration data leads to an estimated cmc

of 0.2 wt % for S-b-MMA in PMMA. At gradient copolymer
concentrations below 2 wt %,I330/I280 is also near zero but
exhibits a slight concentration dependence. The slight concen-
tration dependence may result from the polydisperse nature of
the gradient copolymer, with very small levels of micelles
forming from the highest MW andFS fractions of the gradient
copolymer. However, for concentrations above 2 wt %,I330/
I280 also increases dramatically with logarithmic concentration
as in the higher concentration regime for the block copolymer.
Ignoring polydispersity effects, an intersection of the linear fits
to low and high concentration data leads to an estimated gradient

Figure 1. Fluorescence emission spectra for 0.005 wt % S-b-MMA
in PMMA (solid curve) and 1.0 g/L S-b-MMA in THF (dashed curve).
Spectral intensities are normalized to unity at the peak intensity.49 The
emission consists almost exclusively of monomer fluorescence when
S-b-MMA is present at trace levels in PMMA;50 in dilute THF solution,
excimer fluorescence intensity, centered at 330 nm, exceeds monomer
fluorescence intensity, centered at 280-285 nm. (Neither system
contains micelles; the S-b-MMA is well solvated in both cases.)

Figure 2. Fluorescence spectra for copolymer in PMMA: (a) 0.005
wt % S-g-MMA (solid curve) and 3.5 wt % S-g-MMA (dashed curve)
and (b) 0.005 wt % S-b-MMA (solid curve) and 3.5 wt % S-b-MMA
(dashed curve). Intensities are normalized to unity at 280 nm.49

Figure 3. Concentration dependence ofI330/I280 for copolymer present
in PMMA: S-b-MMA (squares, dashed lines): S-g-MMA (circles, solid
lines). Critical micelle concentrations are estimated from the intersec-
tions of the fits to low and high concentration data; block copolymer
cmc ) 0.2 wt %, and gradient copolymer cmc) 2 wt %.
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copolymer cmc of 2 wt %, an order of magnitude larger than
the block copolymer cmc.

These approaches will be extended to other copolymer/
homopolymer systems in order to investigate how segregation
strength, associated withø and copolymer and homopolymer
MWs, and strength of the composition gradient affect the relative
difference in gradient copolymer and block copolymer cmc’s.
It will also be useful to determine how measurement temperature
relative to homopolymerTg affects the excimer to monomer
fluorescence intensity ratio in S-containing gradient and block
copolymers below and above the cmc in homopolymer. Studies
are underway.
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