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Polydispersity-Driven Transition from the ponent blends and a continuous molecular weight distribdtion.
Orthorhombic Fddd Network to Lamellae in Lynd and Hillmyer synthesized low molecular weight confor-
Poly(isopreneb-styrene-b-ethylene oxide) Triblock mationally symmetric poly((ethylenai-propylene)b-(pL-lac-
Terpolymers tide)) with a monodisperse poly(ethylea#-propylene) block

and a polybL-lactide) block ranging in polydispersity from 1.2
to 22 The lamellar, cylindrical, and gyroid morphologies were
X + h . 1 observed, with interfacial curvature varying with polydispersity
Christopher M. Evans, Marc A. Hillmyer,* -*and in general agreement with SCMFT predictions. Most recently,
Frank S. Bates* o . A

_ _ ) ) _ Ruzette and co-workers used nitroxide-mediated polymerization
Department of Chemical Engineering and Materials Science to synthesize AB diblock and ABA triblock copolymers

Adam J. Meuler,™8 Christopher J. Ellison, ™8

and Department of Chemistry, Umirsity of Minnesota, consisting of poly(butyl acrylate) (B block) with a relatively
Minneapolis, Minnesota 55455 narrow molecular weight distribution and relatively polydisperse
Receied June 19, 2007 poly(methyl methacrylate) (A block)Lamellae, hexagonally
Revised Manuscript Receéd July 17, 2007 packed cylinders, and poorly order spherical micelles were

identified, and no macrophase separation was observed. Domain
interfaces curved toward the polydisperse A block relative to

have focused on macromolecules prepared by “living” anionic e curvature expected for a monodisperse system, also in
polymerization that are consequently comprised of nearly 29réeément with SCMFT predictions. _
monodisperseMy/M, < 1.1) blocks. While recent developments ~ The aforementioned investigations of broad, continuous
in synthetic techniques such as controlled radical polymerization Molecular weight distribution$"*>focused on systems with two
(CRP) have increased the number of monomers that can bechemically distinct blocks where the polydisperse blocks have
readily incorporated into block copolymers, materials with ©ne chain end not constrained to a domain interface. This
polydispersity indices exceeding 1.1 often redults a result, C;om_mumcatmn Qescrlbes the preliminary resultg of an inves-
understanding the influence of polydispersity on the morpho- tigation of poly(isoprend-styreneb-ethylene oxide) (ISO)
logical behavior of block copolymers will become increasingly triblocks along thef; = fs isopleth with nearly monodisperse
important. polyisoprene (Pl) and poly(ethylene oxide) (PEO) end blocks
The potential significance of polydispersity effects was bPut a modestly polydispersél/M, = 1.31 and 1.44) poly-
pointed out more than 25 years ago by Leibler: “Much more Styrene (PS) middle block. The large value;q$ relative to
important than fluctuation effects are those effects resulting from xso andis (xio = 0.17,1s = 0.04,ys0 = 0.05 at 120°C)®
the polydispersity of the copolymer blocks. ...it seems that even Should force bridging of the polydisperse PS block. The nearly
a small polydispersity of the sample may be cructaSince monodisperse ISO system has already been extensively
then, numerous theoretical treatments have addressed thé&haracterized™*® facilitating isolation of the morphological
influence of polydispersity in AB diblock copolymérg and effects of polydispersity in a bridged domain.
culminated in recent self-consistent mean-field theory (SCMFT)  Two hydroxy-functionalized Sl diblocks with a polydisperse
calculation$=1* The SCMFT calculations predict that the PS block and a nearly monodisperse Pl block were prepared
familiar lamellar, cylindrical, spherical, and gyroid morphologies by anionic polymerization in cyclohexane using the functional
persist over different composition regions depending on the organolithium 3-triisopropylsilyloxy-1-propyllithium (TIPSO-
constituent block polydispersities. Morphologies with larger PrLi).2° Adding styrene monomer to a solution of TIPSOPrLi
mean interfacial curvatures are preferred with a polydisperse over a very short time interval resultedih./Mp values of 1.31
minority block while morphologies with smaller mean interfacial and 1.44, as generally expectdUpon isolation of the SI
curvatures are favored when the polydisperse block is the majordiblocks, the TIPS protecting group was removed using tetra-
component. Theoretical treatments also predict that domain (n-butyl)lammonium fluoride (TBAF) to unmask tleehydroxyl
spacing and orderdisorder transition temperatur&dpr) will group. The ethylene oxide polymerization was initiated from
both increase with increasing polydispersity. this hydroxyl group using an established proto€olhe 1SO
Relatively few experimental investigations of polydispersity triblocks were purified by dichloromethane/distilled water
effects have been undertaken. Early investigations by Matsushitawashes followed by precipitation in isopropanol and freeze-
and co-workers focused on blending nearly monodisperse poly-drying from benzene.
(styreneb-2-vinylpyridine) diblock?3 and poly(2-vinylpyri- Room temperature size exclusion chromatography (SEC)
dine-b-styreneb-2-vinylpyridine) triblock314copolymers. These  experiments employing THF as the mobile phase were per-
studies demonstrated the predicted increase in domain spacindormed on a Waters 717 GPC, and data were calibrated with
with increasing polydispersity, but macrophase separation PS standards to determine the polydispersity of all polymers.
occurred when the molecular weight and/or composition were Synchrotron small-angle X-ray scattering (SAXS) experiments
too disparate. Bendejacq et al. used CRP to synthesize poly-were conducted at the Advanced Photon Source at Argonne
(styreneb-acrylic acid) diblocks with overall polydispersities National Laboratory using. = 0.73 A radiation. Dynamic
near 2 and did not observe any macrophase separationmechanical spectroscopy (DMS) experiments were performed
demonstrating an important difference between the multicom- using a Rheometrics Scientific ARES rheometer. All current
samples in both the SAXS and DMS experiments were heated
*To whom correspondence should be addressed. E-mail: hillmyer@ to temperatures exceeding the orddisorder transition before

Most studies of block copolymers appearing in the literature

chem.umn.edu, bates@cems.umn.edu. data were collected.
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xDeSartmem of Chemistry. g 9 The ISO triblocks we investigated are labeled using the
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Table 1. ISO Characterization Data

PS PS 1ISO ISO

polymer M (kDa) Mu/Mn M (kDa) Mu/Mn Na fio fP foP phasé Toot(°C)
|S1-0600.10 7.3 1.08 15.2 1.05 234 0.45 0.45 0.10 LAM 164
|S1.0800.13 7.3 1.08 15.8 1.05 242 0.44 0.44 0.13 700 194
|S1.0800.15 7.3 1.08 16.3 1.05 249 0.42 0.43 0.15 700 217
|S1-0600.18 7.3 1.08 16.9 1.06 256 0.41 0.41 0.18 0 246
|S1-0800.21 7.3 1.08 17.8 1.06 268 0.39 0.40 0.21 °0 267
|S1.0800.24 7.3 1.08 18.5 1.05 278 0.38 0.38 0.24 00 292
|S1.0800.27 7.3 1.08 194 1.06 289 0.36 0.37 0.27 LAM >300
|S1-3100.04 6.3 1.31 12.1 1.20 187 0.47 0.49 0.04 LAM 93
|S1-3100.09 6.3 1.31 12.8 1.21 197 0.45 0.46 0.09 LAM 112
|St3100.11 6.3 1.31 13.2 1.16 202 0.44 0.45 0.11 LAM 140
|S1-3100.14 6.3 1.31 13.7 1.13 209 0.42 0.44 0.14 LAM 147
|S1-3100-17 6.3 1.31 14.3 1.18 216 0.41 0.42 0.17 LAM 157
|S1-3100-18 6.3 1.31 14.5 1.16 219 0.40 0.42 0.18 LAM 160
|S1-3100.24 6.3 1.31 15.8 1.15 236 0.37 0.39 0.24 LAM 190
|S1-3100-30 6.3 1.31 17.3 1.11 256 0.34 0.36 0.30 LAM 195
|S1-4400.04 6.1 1.44 11.8 1.13 182 0.47 0.49 0.04 LAM 103
|S1-4400.05 6.1 1.44 11.9 1.16 184 0.47 0.48 0.05 LAM 121
|S1-4400.09 6.1 1.44 12.5 1.14 192 0.45 0.46 0.09 LAM 146
|S14400.10 6.1 1.44 12.7 1.13 194 0.44 0.46 0.10 LAM 151
|S14400.12 6.1 1.44 13.0 1.14 199 0.43 0.45 0.12 LAM 165
|S1-4400.14 6.1 1.44 134 1.14 204 0.42 0.44 0.14 LAM 180
|S14400.16 6.1 1.44 13.7 1.13 208 0.41 0.43 0.16 LAM 184
|S14400.21 6.1 1.44 14.7 1.11 222 0.39 0.40 0.21 LAM 216

aBased on a segment reference volume of 138°A/olume fractions are calculated from published density values atC4@, = 0.830,ps = 0.969,
po = 1.064 g/crd).23 ¢ Morphologies were identified using SAXS dataA transient G° morphology was identified in 15021 above 185°C.

11 though that issue is not investigated here, the SEC data are
presented with this idea in mind.

SAXS data collected at 12 for the 1S-310V triblocks are
displayed on the right in Figure 2 alongside previously repétted
SAXS data acquired at 16 for the IS-%%0V triblocks. SAXS
data are shown at different temperatures because three of the
polydisperse samples (80011 |S1-310014 |SL310017) gre
disordered at 160C. None of these samples undergo order
order transitions prior to disordering, however, making these
data representative of the morphologies adopted by the respec-

1000 10000 100000 tive ISO triblocks. The difference in morphological behavior is
Molecular Weight (g/mol) evident upon comparison of these SAXS data. The%%
Figure 1. SEC traces of 5% S |SL4 and 1940%14 The molecular triblocks adopt the prthorhombic ne'Fwork7@(repres.entative
weight values used for the abscissa were obtained via calibration with |S'°%0°%-24 data are indexed to © while the 1S-310 triblocks
PS standards. self-assemble into a lamellar morphology (representativ@@s3°
data are indexed to lamellae). Similar SAXS data (not shown)
block andy is the volume fraction of PEO (Table 1). The were obtained for the SOV triblocks, although a transient
IST9%0Y triblocks were previously synthesizé®;!® and we O’ morphology was identified above 18%C in sample
measured,,/M, = 1.08 using SEC for PS after degradation 1S1440%21 Two-domain lamellae (LAM) and three-domain
of the PI in the 1$% diblock via ozonolysis (toluene solution, lamellae (LAMs) are not differentiated in the 1S10Y and
—78°C). TheM, values of the PS were determined ustiht IS440Y triblocks as they were in the 18%0Y triblocks, where
NMR end-group analysis, and these values agree to within 10%the O° phase clearly separates the LAMNd LAM3; morph-
of those obtained from SEC. The composition and ovevall ologies!’~1° The lack of an intermediate morphology in the
of the 1SO triblocks were determined usifid NMR spectros- IS1-310Y and 1S-440Y triblocks supports the notion of continu-
copy. The volume fractions were calculated using experimental ously varying composition profiles in the lamellar morphology.
density values reported at 14Q, and thelN values correspond  Such a continuous variation renders the distinction between
to a reference volume of 118%AThe order-disorder transition LAM , and LAM; arbitrary, and all 153'0Y and 1S-440Y lamellae
temperatures were marked by a sharp drop in the dynamic elastiare therefore denoted LAM (Table 1).
modulus upon heating the polymers at@mir?? and in all We propose two explanations for the altered morphological
cases were consistent with SAXS data. behavior brought about by the broadening of the PS molecular

SEC traces of 8%, Sl44 |S144 and 1S-440%-14 are shown in weight distribution. The first hypothesis follows directly from
Figure 1. The molecular weight values used for the abscissaprevious theoretic&!?and experiment&P investigations which
were obtained via calibration with PS standards. The trace reported that block polydispersity increases the tendency of
depicted for 1$44was obtained after removal of the TIPS group; domain interfaces to curve toward the polydisperse block. This
nearly identical data were collected for the polymer prior to behavior has been attribufetl°to entropic effects associated
deprotection, indicating that end-group effects were negligible. with changes in chain stretching that are similar to those
It is likely that the shape of the molecular weight distribution observed in conformationally asymmetric dibloéRse., there
of the PS, and not just th&l,/M, value, influences the is a tendency to curve an interface toward the polydisperse
morphological behavior of the resulting ISO triblocKsAl- domain (lower stretching free energy) so that blocks in the
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Figure 2. Synchrotron SAXS data for the 1$0Y and 1S-310 triblocks. The 1$%0Y data presented in the plot on the left were acquired at
160°C, and the 1S3 data depicted in the plot on the right were acquired at T20None of these triblocks underwent orderder transitions
prior to disordering. The representative-?&°24 and 1S-310°%30 data are indexed to the’®and LAM morphologies, respectively.
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