2882 Macromolecule2007,40, 2882-2896

Comprehensive Phase Behavior of Poly(isoprerstyreneb-ethylene
oxide) Triblock Copolymers

Joon Chatterjee, Sumeet Jain, and Frank S. Bates*

Department of Chemical Engineering and Materials Sciencepéisity of Minnesota,
Minneapolis, Minnesota 55455

Receied September 28, 2006; Rsed Manuscript Receed February 14, 2007

ABSTRACT: The phase behavior of 44 poly(isoprdmstyreneb-ethylene oxide) (ISO) linear triblock copolymer

melts was investigated at weak to intermediate segregation strengths and spanning a comprehensive range of
compositions. Phases were characterized by a combination of experimental techniques, including small-angle
X-ray scattering, dynamic mechanical spectroscopy, transmission electron microscopy, and birefringence
measurements. Combined with our previous results, six different stable ordered state symmetries have been
identified: lamellae (LAM),Fddd orthorhombic network (@), double gyroid (%9, alternating gyroid (&),
hexagonal (HEX), and body-centered cubic (BCC). The phase map of ISO specimens was found to be somewhat
asymmetric around thig = fg isopleth. This work provides a guide for theoretical studies and gives insight into

the intricate effects of various parameters on the self-assembly of ABC triblock copolymers. Experimental SAXS
data evaluated with a simple scattering intensity model show that local mixing varies continuously across the
phase map between states of two- and three-domain segregation.

Introduction This publication is designed to provide a framework for better

More than four decades of research has established quantitaunderstanding ABC triblock copolymer phase behavior. Three
tive and predictive theoretical tools for anticipating the phase common polymers, poly(isoprene) (1), poly(styrene) (S), and
behavior of AB diblock copolymers, which complement a rich  poly(ethylene oxide) (O), were polymerized into ISO triblock
collection of experimental dafa’ Addition of a third chemi- copolymers over a wide range of compositions and in proximity
cally distinct C block to an AB diblock expands the phase to the order-disorder transition temperature, i.e., at weak to
complexity and the number of experimentally adjustable pa- intermediate segregation strength. Phase behavior was estab-
rameters, resulting in a fascinating, yet largely unpredictable, lished using four techniques: small-angle X-ray scattering
array of morphologies. Nearly three dozen ordered phases havgSAXS), dynamic mechanical spectroscopy (DMS), transmission
been discovered in ABC triblock§ 23 compared to just four  electron microscopy (TEM), and birefringence measurements.
well-established equilibrium phases in AB diblocks. This Six distinct ordered state symmetries were identified, each
expanded scope is both stimulating and intimidating. Three associated with a space-filling morphology: lamellae (LAM);
different polymer blocks offers desirable features such as hexagonal (HEX, assumed to be cylindrical); orthorhombic
increased molecular design opportunities and increased func-(Fdddspace group, a network structure referred to &3;@nd
tionality. However, additional blocks imply additional variables, three cubic states, BCC (assumed to be sphericaff,(§ace
with a geometrically expanding degree of complexity with each groupla:_%d, referred to as double gyroid), and'®(space group
new element. 14,32, known as alternating gyroid).

Self-assembly of block copolymers i.n the bU|k.|.iqu! state i?’ The present study is motivated by several previous publica-
?eor:/s?(r)%eir?é/ ;zrefeiizz Of(f’l_?]reag}géirz'taggm:g?ss'gorr:]'e'rr:ﬁgr?ct'ﬁltions from our research group that are related to the phase
constitute a fogrth Ies?s; critical. set of variablegs) For AgB Sbehavior of ISO triblocks. Bailey et &t.studied the phase map
diblocks there is oryme compositio,n variabfg,= 1 — f one along a composition channel spanning a symmetric IS diblock
segment segment interaction parametgx anld one seBduence and a symmetric_ ISO triblock. They first proposed the existence
Linear ABC triblocks are governed Bk;y WO independeht of the O° ph_ase in 1ISO and demonstrated the sequence _of phase

transformations LAM (2-domainy> O’ — LAM (3-domain)

composition variables, threg’s, and three distinct sequences. .~ .
Choosing among these parameters in order to target a specificWlth increasing PEO content. Epps and Cochran Etalplored

: - .~ the phase diagram further and confirmed the stability of the
morphology for a particular application represents a daunting 0" phase am? demonstrated the formation of three )(liifferent
task, complicated by a lack of theoretical guidance and relatively twp K hologies, €, 070, and G withi i
few comprehensive experimental phase portraits. hetwork morphologies, 7, U, an » within a composition

Different types of ABC triblock copolymers (specifically ¥Lﬁdow§pun_dedbbylg.3& fSh< 053 and 0'1.3< fg < 0.25. d
referring to those in linear architectures and in the bulk liquid Is publication builds on the above-mentioned reports an

state) have been investigated by a host of research groups, Sucﬁubstantial!y expands the pha§e map over a comprehensive range
as Hashimoto et a?%3 Matsushita et alt5163L32Stadler et of composmons. When comblned_ with our previous results, a
al. 9.10.14.3336 Apetz et al2427 and Bates et 111328 \While coherent picture emerges regarding the interplay between the
this research has advanced our knowledge of self-assembly inmolecular variables and phase selection. Of particular interest

. . . 30 1 i il
ABC copolymers, new phases continue to be discovered; i.e., € the network phases {DQ*, Q?*), which we anticipate

there is no universal conceptual organization at this time. will have various exciting applications as membranes, filters,
for drug delivery, and as other devices that mediate transport
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network phases exist in more than one location in th&+0O prior to traveling to the synchrotron facility by annealing, typically
three-parameter phase map. The combined results represent, tt 160°C under vacuum for 2 h, except for samples that displayed
the best of our knowledge, the most comprehensive phase magrder—order transitions (OOT), which were annealed at-200

for an ABC triblock copolymer. Along with a practical °C under vacuum for 2 h. At the synchrotron facility, samples were
characterization of the ISO phase behavior, these findings offer "€atéd in the X-ray cell above the ordefisorder transition

: . . . ! temperature or 250°C, whichever was lower. Samples were
a unique template against which self-consistent-field theory Sub‘S)equenﬂ}OCD(;—()ﬂed and held at a target temperatureﬂ‘gm'min
calculations can be compared.

s ) prior to data collection. SAXS data are presented in two forins:
Other publications from our group have described the effects vs q or (Lorentz corrected)q? vs g, wherel is the azimuthally

of additional variables on the phase behavior of ABC systems. integrated intensity ang is the scattering wave-vector modulgs,
Epps et aP” studied the self-assembly of ISO triblocks at higher = |q| = 4x/4 sin(6/2); A is the wavelength an€l is the scattering
molecular weights and demonstrated that long-range order inangle. This type of data set is referred to as a 1D-SAXS pattern.
the O°morphology is disrupted as a consequence of restrained In addition, laboratory source small-angle X-ray scattering
chain mobility. Cochran et &k investigated poly(cyclohexyl- e]i(E)rerlrrr]\enlts we(ﬁﬁ_fgrrf]ormetd at ”:_e Urllzlve_r|§,t|ty gftg/l&nesotz Institute
i § of Technology aracterization Facility. -rays @ =
g%ylﬁgﬁzfgtfgle%thﬁfg d; elt(?vz:;rni)y(rgrﬁarsgg)f;:?g tgs';i:]hge 1.54 A) were generated using a Rigaku RU-200BHV rotating anode

. i hear def tion. | ther studv. Epps3t al equipped with a 0.2« 2 mn? microfocus cathode, and the beam
reciprocating shear derormation. in another study, Epps=<tal. 45 monochromated with total reflecting Franks mirror optics. The

blended homopolymers of Pl and PS with neat ISO triblocks scattering data were collected with a Siemens HI-STAR multiwire
thereby tuning the overall composition, demonstrating that area detector and corrected for detector response characteristics.
modest amounts of homopolymer could induce phase transitions TEM. Transmission electron microscopy (TEM) was performed

between neighboring ordered states. on a JEOL 1210 TEM operating at 120 kV, in the IT Characteriza-
tion Facility at the University of Minnesota. Samples were heated
Experimental Section under vacuum abov&ppr (Up to a maximum of 250C), then

cooled and held at 160120 °C for 2—3 days, and then quickly
cooled to room temperature. Sample sliceg0 nm thick, were
cut at —80 °C using a Reichart Ultramicrotome fitted with a

. A Microstar diamond knife. Microtomed sections were stained with
styrene) diblock copolymer was prepared by initiation sefc the vapor from a 4% aqueous solution of Q$& 3—10 min. This

butyllithium and polymerization of isoprene followed by addition 451 oxide selectively reacts with the olefinic groups present in

3v?t?1 reexicetisc;nect):] jltgrrlingxirggn;nrgetaé% rr‘ﬁgtrh(;cr’glprlﬁggE'Cg:gntg‘rﬁiicr’glthe backbone of the Pl blocks leading to contrast. The duration of
) ) staining was optimized to achieve adequate contrast based on the
hydroxyl group on the diblock chains (IS-OH). In the second step, g b 4

small batches of the diblock copolymer were reinitiated with grlocckﬁiens?hzfmaet:ﬁglt:ns and the proportion of the poly(isoprene)
potassium napthalenide, and ethylene oxide was added to form the DMS. Dynamic mechanical spectroscopy (DMS) experiments

third block. .Th's synthetic procedure_ resul_ted_ |n'nearly monodis- were conducted on a Rheometrics Scientific ARES strain-controlled
perse 1SO triblock copolymers (polydispersity indices, PBI$.2) rheometer using a 25 mm parallel plate fixture maintained at a gap
with precise control over composition and molecular weight. of 1 mm under a nitrogen atmosphere. Samples were molded into
Additional synthetic details can be found in the literatéfre. 25 x 1 mm disks using 1000 psi at 16G for 5—10 min. Isochronal
_Chemical Characterization. The compositions of the 1ISO  (;, — 1 rad/s) experiments were conducted while heating or cooling
triblocks were determined b+ NMR spectroscopy using a 300  specimens at a rate oFC/min. Discontinuous changes in the elastic
MHz Varian instrument running at room temperature with deuter- (G) and loss G') moduli are indicative of morphological transi-
ated chloroform as the solvent. The mole fractions of isoprene, tions. Isothermal frequency sweeps between 10? and 10 rad/s
styrene, and ethylene oxide repeat units estimated from the ere conducted to probe the morphological response at specific
integrated NMR  spectra were converted to monomer volume temperatures; at low frequenci€w) andG' () are sensitive to
fractionsf,, fs, andfo on the basis of published homopolymer  {he ynderlying morphology and state of order. All measurements
densities at 140C (o = 0.830,0s = 0.969,00 = 1.064 in g/cri).*® were performed at low strain amplitudes of-2% that were

Synthesis.Poly(isoprends-styreneb-ethylene oxide) (ISO) tri-
block copolymers were synthesized using a two-step anionic
polymerization techniqu&3® In the first step, poly(isoprenie-

The overall number-average triblock molecular weidif;so ~ determined to be within the linear viscoelastic regime.
was computed from the absolute number-average molecular weight,  static Birefringence. Sample disks 10 mm in diameter by 1
Mn,, of the | block and the weight fractiom; of the I block in the mm thick were contained and sealed between two glass windows

ISO tl‘iblOCk.W| was CalCUIated from the m0|e fraCtiOn of iSOpI‘ene and placed between Crossed.p0|arizing films in a temperature.
repeat units in the ISO triblock (determined from NMR spectra) controlled chamber. A beam of light from a 15 mW He laser
and the density of poly(isoprene). For determinMg, an aliquot  \yas passed through this assembly, and the transmitted light intensity
of the reaction mixture was extracted after complete reaction of \was monitored using a photodiode detector. The signal was
isoprene monomer and before the styrene monomer was addednormalized by the intensity recorded without a sample in the
and size exclusion chromatography (SEC) was performed with THF jnstrument and with the polarizing films arranged parallel to one
as carrier solvent; the SEC instrument was configured with a light another, which maximizes light transmission. The transmitted light
Scattenng detector. A dl.ﬁ:eren“al !‘efrac“ve |ndeﬂ/dt = 0.124 intensity can be correlated with the Symmetry of the Specimen
cm®/g was used for poly(isoprene) in THF to analyze the SEC data. morphology*-43 Isotropic structures such as a disordered fluid or
Polydispersities of all 1SO triblock copolymers were also a cubic phase are not birefringent and therefore do not rotate light,
determined by SEC and were found to be expectedly low, PDI  resulting in little or no transmitted intensity. Noncubic ordered
1.2. Table 1 lists the chemical characterization data for all the ISO phases transmit a significant portion of the incident intensity.
specimens. Shear Alignment. Large strain amplitude reciprocating shear
SAXS. Synchrotron source small-angle X-ray scattering (SAXS) was applied to selected samples, in an apparatus described by Koppi
experiments were conducted at the DuPont-Northwestern-Dow et al.#* in order to macroscopically align isotropic ordered grains
Synchrotron Research Center at the Advanced Photon Source usingnto a “single crystal”. 1 mm thick sheets of polymer were
sample-detector distances of between 3 and 6.6 m and X-ray compression-molded using 1000 psi at 1@ for 5 min. After
wavelengths of 1.54 and 0.73 A. Data were acquired with a Mar cooling, a portion was cut with dimensions of approximately 2 cm
CCD area detector and are referred to as 2D-SAXS patterns. Samplex 2 cm x 1 mm. Specimens were subjected to reciprocating shear
temperature was controlled to withil °C using a DSC chamber  for 2 h with a strain amplitude of 300% and shear rate of 0:85 s
maintained under a helium purge. All samples were conditioned while maintained at 200C under a nitrogen atmosphere. After
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Table 1. ISO Triblock Characterization Data?

Mn Toor Topt
specimen fi fs fo (kg/mol) Mw/Mp phase d (nm)y (°C) (°C)
1S-21 0.80 0.20 0.00 9.8 1.07 DIS
ISO-21a 0.70 0.17 0.13 11.6 1.04 HEXBCC 22.2 149 178
1ISO-21g 0.67 0.16 0.17 12.3 1.05 HEX 15.6 226
ISO-21h 0.65 0.16 0.19 12.7 1.05 HEX 17.3 >250
1SO-21i 0.61 0.14 0.25 135 1.06 HEX 18.1 >250
1SO-21f 0.53 0.13 0.34 16.0 1.04 LAM 22.7 >250
1ISO-21d 0.48 0.12 0.40 17.7 1.04 LAM 235 >250
1ISO-21c 0.44 0.11 0.45 19.8 1.06 LAM 27.4 >250
1ISO-21b 0.35 0.09 0.56 25.3 1.05 LAM 33.8 >250
ISO-21e 0.25 0.06 0.69 38.2 1.06 LAM 39.0 >250
1SO-8c? 0.56 0.27 0.17 22.0 1.05 HEX 225 >250
1S-20 0.64 0.36 0.00 9.2 1.08 DIS
1ISO-20a 0.52 0.29 0.19 11.8 1.06 HEX 17.1 (120) 240
1ISO-20d 0.47 0.27 0.26 13.1 1.04 LAM 16.0 152
1ISO-20g 0.44 0.26 0.30 14.0 111 LAM 16.2 >250
1ISO-20c 0.37 0.20 0.43 17.6 1.16 LAM 18.3 >250
1ISO-20e 0.31 0.18 0.51 20.8 112 29— HEX 20.0 199 >250
1ISO-20b 0.29 0.16 0.55 23.0 1.09 [LAM/HEX} Q230 53.4 (90) 159 >250
1SO-20f 0.21 0.11 0.68 32.8 1.09 HEX BCC 34.1 130 244
1S-28 0.51 0.49 0.00 6.8 1.08 DIS
1ISO-28¢ 0.29 0.25 0.46 13.6 1.06 LAM 17.1 (120) >250
ISO-28a 0.28 0.24 0.48 14.2 1.07 LAM 175 >250
1SO-28d 0.25 0.20 0.55 16.6 1.07 LAM 19.0 (120) >250
1ISO-28b 0.21 0.17 0.62 19.9 1.10 LAM Q230 53.9 (120) 146 >250
ISO-28e 0.19 0.14 0.67 23.1 1.09 [HPH] Q%0 56.8 199 >250
1SO-28f 0.15 0.12 0.73 28.6 1.13 HEX 23.1 >250
IS-30 0.43 0.57 0.00 5.8 1.04 DIS
ISO-30b 0.19 0.25 0.56 16.7 1.08 LAM O70 0.282, 0.556, 61.1 (220) 155 192
1ISO-30a 0.16 0.22 0.61 14.6 1.09 29 40.7 (220) 174
1S-26 0.33 0.67 0.00 7.4 1.10 DIS
1ISO-26d 0.20 0.45 0.35 12.0 1.07 LAM 13.2 115
ISO-26a 0.19 0.39 0.42 13.7 111 LAM 143 157
1ISO-26¢ 0.18 0.38 0.44 14.2 1.08 LAM 145 167
1ISO-26b 0.16 0.33 0.51 16.4 1.10 LAM 15.9 185
ISO-26e 0.13 0.29 0.58 19.2 111 LAM O7° 0.289, 0.591, 64.4 (18%) 139 196
1ISO-269g 0.13 0.27 0.60 20.1 1.06 LAM O70 0.280, 0.554, 65.6 (169) 103 201
1SO-26f 0.12 0.24 0.64 22.7 1.11 0 42.9 202
1S-27 0.22 0.78 0.00 10.0 1.08 DIS
ISO-27e 0.14 0.55 0.31 15.0 1.07 HEX 14.9 (90) 108
ISO-27a 0.12 0.44 0.44 18.8 1.10 LAM 16.6 171
1ISO-27b 0.11 0.42 0.47 20.0 111 LAM 18.0 222
ISO-27¢ 0.10 0.40 0.50 21.2 111 LAM 19.3 238
1SO-27f 0.08 0.30 0.62 28.6 1.10 LAM 22.2 (140) >250
1SO-27d 0.05 0.20 0.75 43.0 1.19 HEX 24.2 (110) >250

a | attice dimensionsg, calculated asl = 27/g* are based on LAM [10], BCC [001], &°[001], and HEX [100] planes and for specimens having OOTs,
andd corresponds to that of the high-temperature phase. Transition temperatigs @hd Toor are based on data obtained during isochronal heating in
DMS. b Synthesized by C. M. Hardy.Measured at 100C unless mentioned in parenthes&é€orresponds ta/c, b/c, andc of orthorhombic unit cell at
specified temperaturé[ ] indicates tentative assignment.

completion of shearing, the sample was cooled to room temperaturesection.) In order to establish the molecular parameters associ-
at about 3-4 °C/min. A 1 mm? cubic section was cut from the  ated with each phase type, representative data sets and prelimi-
aligned sheet, and the morphology of this section was analyzed nary analyses are first presented followed by a summary diagram

with SAXS by directing the X-ray beam along each of the three ¢ establishes the overall composition dependence of each
orthogonal axes, defined by the shear geometry. morphology

Results and Analysis For each category, we begin by assessing the eidisorder

Forty-four ISO specimens, listed in Table 1, were synthesized transition temperatureTopr, followed by an evaluation of

with nearly monodisperse molecular weight distributions across possible orderorder transition temperaturefsor's, both based

a wide range of compositions. The overall molecular weights Iol? | ar(ljde msasuremetr;ts. ;/V;thdthSeAt)((arSnp()jet[ature range czfd
were designed to maintain the specimens within the limits of Ie'y ordered phases so bracketed, ala are presente

weak and intermediate segregation strength. Phase behavior Wagmd diffraction peak positions are an_alyzed to estgbli'_sh phase
determined on the basis of SAXS, TEM, DMS, and birefrin- symmetry. These represgnt our principal characterization tools.
gence experiments, between 90 and #50limited by the glass- Selected TEM and birefringence measurements were employed

transition temperature of polystyrene and thermal degradation. 0 corroborate conclusions drawn from the SAXS experiments.
In this paper five ordered phase symmetries were identified as-atticé parameters listed in Table 1 have been calculated on
described in this section: lamellae (LAM), double gyroidiQ the basis of symmetry assignments and associated Bragg
Fddd orthorhombic (39), hexagonal (HEX), and body-centered SPacings determined by SAXS.

cubic (BCC). (A sixth ordered cubic phase referred to as Lamellar Phase (LAM). Twenty-four of the specimens
alternating gyroid or @“was reported earlié¢tand is included appearing in Table 1 were characterized as having a lamellar
in the summary of I1SO results presented in the Discussion phase based on sharp diffraction peaks appearing in the SAXS
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Toor to Ty for polystyrene. Isothermal frequency responses for
this specimen in the low- and high-temperature regimes are
qualitatively different as illustrated in parts ¢ and d of Figure
2, respectively. For the high-temperature state, the dynamic
moduli are solidlike G’ ~ w° G > G"), typical of a triply
periodic structure, while the low-temperature state is decidedly
different,G' ~ w%2 Kossuth et at> have shown that the low-
frequency dynamic elastic modulus is very sensitive to the nature
of the periodic order. For triply periodic morphologies such as
gyroid and BCC sphere§' ~ w?, while cylinders and lamellae
yield G' ~ ", where 1/4< n < 1/2.

SAXS data obtained from ISO-26g at various temperatures
are shown in Figure 3. Samples were prepared by annealing
the powdered specimen under vacuum at 2@ for 2 h
followed by cooling back to room temperature. For the first set
of experiments, the sample was heated to a series of tempera-
(b) A tures and annealed in each instance for 5 min prior to X-ray

q exposure. Figure 3 shows SAXS patterns recorded at 100, 160,
2 and 220°C. A single broad peak at the highest temperature is
consistent witiTopr = 201 °C, established by DMS. Reflections
at 160°C can be indexed with theddd space group consistent
with an O° phase assignmé#iz8-46(see following paragraph).
Cooling from 220 to 140°C leads to the same sequence of
scattering peaks. Further cooling to 10CQ results in an
additional pair of sharp peaks with relatigg* spacing of 1:2,
superimposed on the high-temperature pattern. We interpret this
result as deriving from a mixture of two phases, LAM antf.0
Upon reheating to 180C a scattering pattern consistent with
Fdddsymmetry is recovered, albeit with lower peak intensities
than were recorded at 160 and 140D.

An expanded view of the SAXS pattern obtained from ISO-
0 T T 26g at 160°C is presented in Figure 4. The diffraction peaks
0.01 0.06 1 0.11 0.16 have been indexed on the basis of an orthorhombic unit cell
q, A with Fdddsymmetry and dimensioregc = 0.280,b/c = 0.554,
andc = 65.6 nm. The allowed Miller indices for thfeddd space

Figure 1. (a) TEM image from ISO-21b showing long-range lamellar
(LAM) order. The dark regions are OsGtained I-domains, and the group, 004, 111, 022, 113, 115, 131, 026, 133, 040, 202, 220,

light regions correspond to S- and O-domains. (b) Synchrotron SAXs and 222, are marked in this figure. Peaks corresponding to the
pattern recorded from 1SO-21b at 100. Sequence of diffraction peaks 026 and 040 planes are not evident most likely due to coupled
is consistent with a LAM morphology. Background corrected scattering effects of structure factor and form factor on the scattering
intensity,I', has been corrected by multiplication b intensities. Here we note that slight variations in the unit cell
dimensions can result in large changes in the locations of certain
patterns at/q* = 1, 2, 3, ..., wheray* identifies the position higher order peaks_. The _ratio _o_f th_e unit cell dimensiafts
of the first reflection. Between three and eight orders of andb/c for O’° specimens identified in this stud_y (see Table 1)
diffraction were recorded indicative of various degrees of long- &€ almost the same as those reported earlier for other 1ISO
range order: in some instances higher order scattering wast'iblock copolymers exhibiting the © phase'?
inaccessible due to the limitegrange. DMS experiments, used Figure 5 shows the transmitted light intensity, obtained while
to identify Topr, are not shown for brevity. Figure 1 shows TEM heating and cooling 1ISO-26g in the birefringence apparatus
and SAXS data for representative specimen ISO-21b. In the between 80 and 210C at 1 °C/min. A relatively high
TEM micrograph the adjacent S- and O-domains are indistin- transmitted intensity below 2206C is indicative of optical
guishable since these do not stain with Qsi@ contrast with ~ anisotropy, consistent with the’®and LAM phase assign-
the I-domains, which appear dark. We further analyze several ments!?284142Extinction of recorded intensity above 206G
of the lamellar SAXS patterns in the Discussion section. with heating is consistent with a state of disorder. Even the
Fddd Orthorhombic Network Phase (O7°). Three speci- hyste_resi_s iG' andG'"' reported in Figure 2a,b is reflected in
mens, 1SO-26e, 1SO-26g, and 1SO-30b, were determined to the Pirefringence measurement aroukbr.
contain the orthorhombic ® phaset?28 here we present Results similar to those associated with thé@ ghase in ISO-
representative results from sample I1SO-26g. Two phase transi-26g were documented in ISO-26e and ISO-30b. In all three cases
tions are suggested by changesGhand G" (w = 1 rad/s) this phase lies adjacent to the disordered state, similar to our
while heating this material at 1C/min (Figure 2a). An order  €arlier findings'?
of magnitude increase in moduli beginning at 103 is Double Gyroid Phase (3%9. Specimens determined to have
indicative of an OOT while a discontinuous drop in elasticity the double gyroid morphology @) included 1SO-20e, 1SO-
at about 202C signals the ODT. Hysteresis in these mechanical 20b, 1SO-28e, 1SO-26f, and 1SO-30a. Representative results
properties upon cooling (Figure 2b) is consistent with first-order from the specimen ISO-26f are presented in this subsection.
phase transitions; complete recovery of the low-temperature Figure 6 illustrates isochronab(= 1 rad/s) and superpositioned
response was not obtained likely due to the proximity of the isothermalG’' andG" traces for this material. A discontinuous

Ny

0.5 um_ {750 m




2886 Chatterjee et al.

(@ 1o°
Toot T
1041
]
i "
RN !
=3 1 i
5 : ¢
= ! |
1024 : ?
| heating -
101 II T T T T II
80 100 120 140 160 180 200 220
Temperature,°C
b) 10
(b) Toor G’ Toot
[ __-“ 1
e ol 1
I:rl.u M— :
1 G" :
UJ ] 1
a3 | 1
= 10”1 ! :
=) 1 1
0 1 1
E : 1
10° : ]
i cooling :
1 1
10 'II T T T T & 'll
80 100 120 140 160 180 200 220

Temperature, °C

Pa

Modulus,

(d)

Macromolecules, Vol. 40, No. 8, 2007

10°
1%t
sl T=g0'C
L2 ) ' ' 2
162 10 10° 10 10
w, rad/s
10
GI 3l
1o
Ji1s0°Cc T e195°C |
T
. ] 3
102 16" 10° 10’ 102 10
w, rad/s

Figure 2. G' and G" vs temperature for 1ISO-26g during isochronal (a) heating and (b) cooling,°@/rtin andw = 1 rad/s. Dashed lines

correspond to orderorder and orderdisorder transition temperatures measured during heating. Superposition of isothermal frequency responses

at (c) 90°C and (d) temperatures between 130 and 105
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from 100 to 220°C followed by cooling back to 100C and finally

heating to 180C. The patterns are shifted vertically for ¢

and dashed arrows indicate heating and cooling cycles, respectively.
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A single broad peak at 22 indicates disorder while scattering at all

other temperatures is associated with th€ ghase. The
pattern obtained upon cooling to 10Q is speculated to d
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Figure 4. Bragg scattering from 1ISO-26g at 160 indexed according
to Fddd space group symmetry, consistent with th€ @hase. The
orthorhombic unit cell dimensions are listed in Table 1.

single ordered morphology with triply periodic structure between
90 and 202°C. SAXS experiments provided unequivocal
Figure 3. Synchrotron SAXS data for ISO-26g obtained while heating €vidence that this state contail&3d space group symmetry,
which is well established to be associated with the double gyroid
morphology'21347 An example scattering pattern is presented

in Figure 7. Reflections are apparent at relative positg$

= V/6,+/8,+/14,4/16,4/20,+/22,+/24, andv/26, all consistent
with 1a3d symmetry; an allowed reflection a/14 is not
coexisting G° and LAM phases, where the triangular symbols locate resolved. Also, an approximately 10 to 1 ratio in intensity
between the first (211) and second (220) Bragg peaks is
drop in both moduli upon heating, and redevelopment of consistent with this assignmetit.Other SAXS experiments
solidlike properties with hysteresis upon cooling, evidence a conducted with this group of specimens displayed additional
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Figure 5. Birefringence measurements from ISO-26g during heating
and cooling at C/min. Transmitted intensity at low temperatures is
consistent with @ and LAM phases as indicated by SAXS measure-
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Figure 6. (a) G' andG" for ISO-26f during heating and cooling at 1
°C/min andw = 1 rad/s. (b) Superposition of isothermal frequency
traces obtained between 80 and 280in increments of 20C. These
results are indicative of triply periodic (i.e., solidlike) order, consistent

with the SAXS-based &° phase assignment.

intensity maxima at/32,+/38,+/40,+/42,+/46,+/48, andv/50
(not shown here), all allowed by tHa3d symmetry.
Birefringence measurements (Figure 8) were performed on dinated with respect to the applied shear, as sketched in Figure
specimen ISO-26f to reinforce the cubic phase assignment.11. This figure also shows the resulting 2D scattering patterns,
Aside from a small amount of birefringence recorded between along with azimuthal plots dfvs ¢ (0 < ¢ < 360), integrated
90 and 12C°C during the initial heating of the specimen (we over the radial distancg* + 0.012 A1 Arcs of intensity
attribute this to residual stress that relaxes as the material passesentered omy* and g;* along with a weak but clearly established
through the glass transition), this triblock copolymer is optically set of six hexagonally placed intensity maxima in tge-g,
isotropic at all measurement temperatures during heating andplane indicate a cylindrical morphology aligned with the long
cooling. No evidence of the ODT is apparent, consistent with axis coincident with the direction of shear.
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Figure 7. Synchrotron SAXS data for ISO-26f at 18C. The peaks
are indexed witHa3d space group symmetry, associated with tHé&°Q
phase.
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Figure 8. Birefringence results for ISO-26f during heating and cooling
at 1 °C/min. The dashed line indicat@gpr as determined by DMS.
Lack of transmitted intensity is consistent with isotropic cubic and
disordered phases. The small amount of birefringence at low temper-
atures is attributed to initial heating through the glass transition.

a thermodynamic transition between two nonbirefringent states,
i.e., cubic and disorderegd:142

Hexagonal PhasgHEX). Eleven ISO triblocks (ISO-21a,
-21g, -21h, -21i, -20a, -20e, -20b, -20f, -28f, -27d, and -8d)
from Table 1 were determined to contain hexagonal ordered
symmetry. These specimens can be grouped within three
different composition regions and DMS and SAXS data for three
representative specimens I1SO-21h, ISO-27e, and ISO-28f are
shown in Figures 9 and 10, respectively.

The superposed isothermal frequency DMS results (Figure
9) for each specimen were decidedly not solidlike, suggesting
that the underlying state of order is either singly or doubly, but
not triply, periodic. In each case the Bragg peaks appearing in
the associated SAXS patterns (Figure 10) are indexed with
relative peak locations afq* = /1, v/3, V4, V7,9, V12,
and+/13, consistent with hexagonal symmetry.

Specimen ISO-28f was subjected to a reciprocating shear as
explained in the Experimental Section, and a small cubic section
was cut for further analyses. This piece of material was held at
40 °C while it was irradiated with the collimated laboratory
X-ray source directed along three orthogonal directions coor-
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(c) ISO-28f consequences of cooling below the crystallization temperature for PEO.
The patterns are shifted vertically for clarity.
2t
o A these conditions it seems unlikely that vitrification of PS would
5 °o°u restrain the disruptive effects of PEO crystallization. This
= oo deduction is supported by the SAXS patterns for ISO-28f shown
3 10 in Figure 10; prior to measurement the sample had been cooled
S g i p ple had been coole
=S from 160 to 40°C. Just two broad peaks at 40 are consistent

with local microdomain correlations but a lack of long-range

100‘ gk order. Heating this specimen to 100 leads to recovery of at
8g" G" 100°C < T £ 220°C least five considerably sharper diffraction peaks, representative
1 . i i of the hexagonally ordered melt state.
101]lg 5 2 1 1 7 Body-Centered Cubic PhasgBCC). Two triblocks, ISO-
10 1 10 10 18 10 1 20f and ISO-21a, were determined to have a stable BCC state.

W, rad/s Both specimens displayed ordesrder transitions (see Table
Figure 9. Superposed isotherm&' and G" traces with varying 1) where the_BCC state was the highest te_mperature orde_red
frequency for (a) ISO-21h, (b) ISO-27e, and (c) ISO-28f. These results Phase bordering the ODT. Figure 13 shows isochronal (heating
are indicative of underlying morphologies with singly or doubly periodic and cooling) and superposed isothermal frequency DMS results
order. for sample 1SO-20f. Evidence of a morphological transition
between 115 and 13 is most apparent i, and less so in

A TEM image taken from a thin section of the shear aligned G', as the material was heated from ®DthroughTopt ~ 244
ISO-28f specimen is presented in Figure 12. We discovered that°C. The low-temperature state does not appear to be recovered
finding long-range order in this and other samples exhibiting upon cooling, perhaps due to the finite rate of cooling
hexagonal symmetry, and containing a majority of PEO, was compounded by vitrification of poly(styrene). The viscoelastic
not possible. Nevertheless, in selected locations we could makeresponse of the high-temperature phase between 160 and 235
out local 6-fold symmetry as highlighted in the inset to Figure °C suggests a triply periodic state of order, similar to that found
12. We attribute the apparent disorder in this and other in Figures 2d and 6#24°
specimens to crystallization of PEO during cooling, which is ~ SAXS patterns obtained at 160 and 190 from ISO-20f
known to be disruptive to ordered microstructure in certain block are presented in parts a and b of Figure 14, respectively. At the
copolymers'® 1ISO-28f contains just 12% PS, likely mixed to  higher temperature, Bragg diffraction provided peak intensities
some extent with both PEO and PI in the melt state. Under at relative wavevectorg/q* = v/2, v/4, v/6, /8, +/10, /12,
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Figure 11. 2D-SAXS patterns obtained from 1SO-28f following large-amplitude (300%) reciprocating shear alignment. The sketch identifies the
deformation coordinate system, whegte, andz correspond to the velocity, gradient, and vorticity directions respectively. For each case integrated

intensities over radial distanag* 4+ 0.012 A* are plotted as a function of azimuthal angle. These results reinforce assignment of hexagonal

symmetry and are consistent with a cylindrical morphology.

and \/;4, uniquely consistent with the allowed reflections for consistent with the &°state. Upon cooling, this pattern persists
thelm3m space group. We assume this corresponds to the BCCwith a 7% dilation in the unit cell spacing at 9C relative to
placement of spherical microdomains. At the lower temperature 240°C. These results are consistent with the DMS data shown
three (possibly four) diffraction peaks were recorded at positions in Figure 15.
a/g* = /1, V3, (v/4), and /7, consistent with hexagonal There are important differences in how we analyze the
(HEX) symmetry. However, transformation to the lower tem- transition phenomena for specimen ISO-28e as opposed to that
perature state is accompanied by significant peak broadeningfor 1ISO-26g (Figure 2) and ISO-20f (Figure 13). In all three
indicative of a loss of long-ranged order. materials the isochronaz’ data are continuous when the
Intermediate States.Two specimens exhibited ordeorder specimen is cooled from the high-temperature state to the low-
transitions with the double gyroid state at higher temperature temperature state. However, unlike with ISO-26g and ISO-20f,
and tentatively assigned states at lower temperature: hexagothe transition temperature for ISO-28e1(99°C) is much higher
nally perforated layers (HPL) for ISO-28e and LAM/HEX thanTy, eliminating the effects of vitrification as an explanation
mixture for 1ISO-20b. for the persistence of the high-temperature state. Furthermore,
Figure 15 shows isochronal DMS results for ISO-28e. While when ISO-26g and 1SO-20f are cooled below Mg, SAXS
heating, the steep increaseGhat ~200°C and the undulating  results indicate that the low-temperature states begin to form.
profile of G" are indicative of an orderorder transition. During In the case of ISO-26g there are SAXS peaks that derive from
cooling, the profiles are markedly differen@' remains high, the coexisting lamellar grains, which are located by triangular

andG'" does not display any discontinuous changes. symbols in Figure 3. ISO-20f produced broad peaks shown in
SAXS patterns are shown in Figure 16a at various temper- Figure 14b. In contrast, SAXS results for ISO-28e indicate a
atures. Data obtained while heating from 100 to 2G0could complete absence of the low-temperature state. We speculate

not be indexed with any of the symmetries considered to this that this nonrecoverable intermediate state of 1SO-28e is
point. At 100°C three peaks are evident@t* = 1, 2, 3 along metastable. Additional SAXS experiments, conducted after
with three additional peaks gtq* = 1.07, 1.74, 2.16. Heating  longer annealing times, would be useful for clarifying the true

to 240°C produces a dramatic change to a SAXS pattern clearly thermodynamic state of this material.
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Figure 12. TEM image obtained from a section cut from a sheet of ISO-28f, after shear alignment. The image displays a lack of long-range order,
but with only regions of short-range 6-fold symmetry as shown in the inset.

We have tentatively assigned the low-temperature state (a) 1 04
between 100 and 16@ as hexagonally perforated layers (HPL). b
The Bragg peaks recorded at 18D can be accounted for by
the space group3m (Figure 16b). The HPL morphology with

a ABCABC perforation stacking sequence is associated with
the R3m space grouf? At low temperatures (e.g., 10@) the
reflections at integral spacing become more prominent consistent
with a weakening of the in-plane hexagonal modulation, thus
favoring lamellar symmetry. Moreover, the occurrence of HPL
as a metastable state during morphological transitions to and
from the double gyroid phase has been documented in the
literature?8.50-56

Next we analyze results for ISO-20b shown in Figure 17. At
the lowest measurement temperature,@3 a SAXS pattern 10 . . .
nearly devoid of discernible Bragg diffraction was recorded. 60 100 140 180 220 260
We attribute this state of relative disorder to the effects of PEO Temperature, °C
crystallization as noted earlier. At higher temperature, between
90 and 220 C we obtained well-defined scattering patterns that (b)
fall into two categories. Upon heating from 90 to 18D seven 04
narrow peaks were recorded at relative spacings inconsistent 160°C < T <235°C
with any identifiable space group symmetry. However, these
results can be split into two groups, with relative spaciggg
= 1, 2 (triangular symbol) and/g* = v/1, v/3, V4, /7, /9
(lines). We associate these patterns with a mixture of lamellar
and hexagonal (possibly cylindrical) symmetry.

Heating between 180 and 22CQ and subsequent cooling to
90°C results in diffraction unambiguously associated w&iBd
symmetry, hence a ¥ phase assignment. This sequence of
scattering results resembles those obtained for ISO-28e, i.e., a
nonrecoverable low temperature state likely reflecting a kineti- |
cally constrained, nonequilibrium state. We believe that melting 9 e
of the PEO leads to spontaneous ordering, trapping both lamellae 10 ' ' 0 ' 1 ' ' 3 4
and cylinders in a metastable configuration. Heating either drives 10 10 10 10 10 10 10
this arrangement unstable or facilitates nucleation of the gyroid W, rad/s
phase. Once formed, the gyroid remains stable down to the PEO
crystallization temperature. Similar behavior has been recordedFigure 13. (a) G’ andG" for ISO-20f while heating and cooling at 1

; - . P ; i °C/min and at a constant frequencyf= 1 rad/s. The dashed lines
with diblocks in the vicinity of the lamellarcylinder transi locate the ODT and OOT. (b) Superposed isothermal frequency traces

tion.>’ ) ] recorded at various temperatures between 160 an@@3bhis solidlike
Poly(isopreneb-styrene-b-ethylene oxide) Phase MapUs- behavior is consistent with the BCC phase assignment established by

ing the methods outlined in the previous paragraphs, we haveSAXS.

Modglus, Pa
()

Modulus, Pa
IS




Macromolecules, Vol. 40, No. 8, 2007

(a)

Log [ (a. u.)]

(b)

4—
7 34
8
2
= 2]
1 T T T T T T T
0.01 0.03 0.05 0.07 0.09
g A

Figure 14. Synchrotron SAXS data for ISO-20f at (a) 160 and (b)
100 °C. The peak locations in (a) are consistent withi8m (BCC)
space group symmetry, while those in (b) can be indexed according to
hexagonal symmetry.
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Figure 15. Isochronal ¢ = 1 rad/s) DMS results for ISO-28e. The
specimen was first heated from 90 to 28D and then cooled back to
90 °C at 1°C/min.
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Figure 16. (a) Synchrotron SAXS data obtained while heating (200
240°C) and then cooling (to 98C) ISO-28e. The patterns are shifted
vertically for clarity. (b) SAXS pattern at 16%C, indexed according

to space groupR3m with lattice parametersa = 50.4 nm andc =
114.9 nm. These results are interpreted to derive from a high-
temperature &° phase and (tentatively) a metastable HPL phase at
low temperature after heating from crystalline PEO.

depicted in Figure 18; this illustration includes results reported
previously by Epps et al? bringing the total number of different
ISO polymers evaluated by our group to 87. Figure 18 represents
a projection of all our results obtained between 90 and°Za0
In the event that a triblock displays an OOT that data point
contains two colors identifying each ordered state symmetry.
Overall, the phase map locates clusters of common data points
that reflect certain ordering tendencies. Lamellae dominate the
central portion of the map extending from left to right across
the entire triangle, i.e., from symmetric 10 diblocks to symmetric
SO diblocks. Double gyroid appears in two places, in the O-lean
and O-rich parts of the illustration. ®also is found in the
O-lean and O-rich parts of the map but appears to be consider-

assigned phase symmetries to all the specimens listed in Tableably more prevalent toward the IS boundary. This network phase
1. A three-dimensional phase map summarizing these results isvas identified in the present work in just three specimens
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Figure 17. Synchrotron SAXS data from ISO-20b obtained while the
specimen was heated from 33 to ZZDand then cooled to . The
pattern at 90°C obtained after heating from the crystalline PEO state
is indexed as a mixture of LAM (triangular symbols) and HEX (lines).
At high temperatures a?® phase is indicated as indexed at 1'€0
Solid and dashed arrows indicate heating and cooling, respectively.
The patterns are shifted vertically for clarity.

(aroundfo ~ 0.6 andf, ~ 13—19%) and only at elevated
temperatures; LAM was found at lower temperatures in each
instance. Hexagonal symmetry is evident in three locations:
I-rich, O-rich, and S-rich. Interestingly, the alternating gyroid
phase, @4 was not seen in the present study. This network
morphology was identified earlier straddling the= fo isopleth
toward the S-rich portion of the triangular map. Finally, two
specimens displayed BCC symmetry at relatively low S content,
fs~ 0.11 and 0.17, at high and lok; in both cases the BCC
phase was sandwiched between hexagonal symmetry an
disorder.

Discussion
ISO Phase Map.Currently, there is no universal theoretical
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o LAM o 070 o Q%0
o Q214 ® HEX e BCC
@ HPL O Disordered

Figure 18. Phase map for poly(isoprerestyreneb-ethylene oxide).

The axes identify volume fractions of each block. Symbols identify
phase behavior of ISO triblock specimens, including the results reported
by Epps et al? Phase assignments are identified by color as noted
below the triangle. Six stable ordered phases, LAM (lamellar), HEX
(hexagonal), &° (double gyroid), @ (alternating gyroid), BCC (body-
centered cubic), @ (Fdddorthorhombic network), the disordered state,
and one metastable phase, HPL, are included. Specimens with-order
order transitions are shown with multicolored symbols with top and
bottom halves representing high- and low-temperature states, respec-
tively. The dashed line corresponds to the= fo isopleth.

demands on the experimentalist aiming to produce a specific
morphology from a given set of monomers. We embarked on
this research program intending to provide a comprehensive set
of results that would aid in the development of self-consistent
mean-field theory (SCFT) for broader use. Tyler and Morse have
taken the first exciting steps in this direction, demonstrating
that the channel of three network phased3¢Q07%, and G
located on the lower portion of Figure 18 can be accounted for
by the statistical theor§#

ABC systems can be classified based on the relative
magnitudes of the binary interaction parameters. For ISO the
following temperature-dependent binary Flefyjuggins pa-
rameters have been report¥d:

xis = 26.4T "+ —0.0287
Yso=29.8T ' — 0.0229
Yo =90.0r " — 0.0579 1)

based on a common segment volume of 188 Fhus, at 150
°Cyis = 0.034,xs0= 0.048, angyo = 0.155. Within reasonable

d,mcertainty these values satisfy the inequality

)

guaranteeing that microphase separation results in only two
interfaces; i.e., an S-domain will always separate I- and

Xio = Xis ™ Xso

or empirical treatment that captures the general phase behaviolO-domains. This class of triblocks has been referred to as

of ABC triblock copolymers. This places severe synthetic

“nonfrustrated® since the block sequence “ISO” and thermo-
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dynamically preferred placement of interfaces are self-reinforc- that approach those of the pure blocks, with a sizable fraction
ing. In contrast, SIO triblocks are “frustrated” since O blocks of the material mixed at the domain interfaéés.
least favor contact with | blocks but are forced to do so due to  ABC triblocks are more complicated due to the possibility
the molecular architecture; such systems tend to form morphol- of asymmetric segmentsegment interactions and two inde-
ogies containing three types of interfaces. We originally selected pendent composition variables. In fact, it is important to keep
the 1ISO system in order to enhance the possibility of finding in mind that these are single-component materials that support
triply continuous network phases, which tend to be stabilized only a single thermodynamic phase as a function of temperature
by nonintersecting interfaces. at fixed pressure. (Often the microdomain spaces are referred
If eq 2 was strictly applicable, and if the | and O chains were [0 as “phases”, a misleading practice. For this reason, we refer
characterized by identical statistical segment lengths, then wet© the diagram in Figure 18 as a phase map, not a phase
would expect the phase map to be symmetric around; tive dlagram.') As the composition Qnd molecular v.velgh.t are varied
fo isopleth (dashed line in Figure 18). Apparently, this is not &cross Figure 18, the segregation strength varies V\_/|th|n_ the IS_L.
the case. The window of network phases occurs asymmetrically Provided the symmetry of the morphology remains fixed, it
around this isopleth and is less extensive on the O-rich side vsShould be possible to characterize how the composition modu-
the O-lean side. Moreover, we find no evidence of the alternating 'tes across the phase map. ) o
gyroid near the @0 and O° regions at higher O content. We 10 probe the effect of segregation and mixing in the ISO
attribute these asymmetries to the aforementioned differencesriblocks, we have analyzed the SAXS results for different
in statistical segment lengthb (= 6.07 A, bs = 5.47 A, and specimens present in the band of LAM materials stretching from
bo = 7.80 A based on a common segment volume of 138%A the IO_dlplock s_lde to the SO d|b|_oc_k side of Figure 18. TEM
along with differences betweens andyso at all temperatures. ~ @nalysis is ambiguous for determining the state of segregation
Apparently, the overall free energy of the individual morphol- 1N ISO because S- and O-domains are both unstained and hence
ogies is quite sensitive to the balance between these parameterdldistinguishable. o ,
Recent calculations by Tyler and Morse seem to support this _ The triblock chains will be arranged periodically ir-4SO—
conjecturé®®61They have found that rather subtle variations in OSI— sequence, resulting in a centrosymmetric stacking of
the interaction parameters dramatically affect the distribution domains. On the basis of eq 2, the likelihood of mixing | and
of phases as a function of composition in the ternary phase map.© €nd blocks compared to that of mixing of S- with I-domains
Establishing quantitatively how these factors influence phase @nd I- with S-domains is exceedingly small. Changing the degree
stability must be tackled with the SCFT. The results summarized Of Segregation does not affect the centrosymmetric character of

in Figure 18 should be quite useful in validating such calcula- the lamellar stacking. To a first (crude) approximation, three
tions. limiting types of segregation are considered: {f)8—0 having

well segregated I-, S-, and O-domains, (ii) (I/S)-O with mixed
I- and S-domains segregated from the O-domain, and (iii) I-(S/
0) having mixed S- and O-domains segregated from the
[-domain.

The strategy employed in this study relies on the relative
intensities of the SAXS diffraction peaks, which depend upon
the composition and the state of segregation and extent of long-
range order. Since we have no information regarding the state
of translational order, we assume perfect long-range order.

. Simple rectangular (box) models of electron density that account
b-ethylethyleneb-ethylene) (CEE), prepared by catalytically for the three crude states of lamellar segregation indicated in

Ey?rggenatlrg urr:saturatsdBp(t)Iy(shtyrdme;hz-but?gletrﬁ)_-1,4-t . Ithe previous paragraph are employed to generate simulated
lua |ene).t c:ﬁ r%n ﬁn ates a;f fh own that this mf"t‘_e”adiffraction patterns for comparison with the experimental
also supports the Dphase, at roughly the same COMPOSILON = 1456566 Thys, the electron density of each domdiN, is a

as tftoulnd with .ISO,fébéseg ond delt?”zd styncthréntr:og X-ray step-function of distancein the direction perpendicular to the
scattering experiments.CEeE and related saturated hydrocar- |, o156 with the magnitude of each step (or domain) equal to

bon ng.tt'bk)le t_copol)(;mtlarst are ve;y altractive ﬁt d_?foss'ble the difference in electron density from that of the bulk average
commodity plastics and elastomers. However, Small Aiereénces pem the periodic length. corresponds to one 1SOOSI repeat

in electron f(f:iensnt.y pe(tjween CE’E?‘.”O' I? ag‘lﬁgor 'ndhglfér,:/tl unit. The assumptions of the model are (i) the domain sizes are
contrast, (I) e’:ls |m|;[]e| oppglrltjunltlgs okr) h fan d ' proportional to volume fraction of each block in the triblock
respectively. Nevertheless, and &k both nonfrustrated o ing £ (i) the interfaces are sharp: and (i) the lattice is

molecular architec_tures, support th_e not_ion that riblock copoly- infinite and without defects and the stacking is centrosymmetric.

mer phase behavior follows certain universal patterns. The rectangular model for a perfectly segregate8+0 state
Domain Mixing in LAM. Until this point in the presentation s

we have treated ISO phase behavior in a manner that implies

that the blocks are segregated into three distinct subdomains E"(x) =

As is well established with AB diblock copolymers, there are EC — [E0 —fo(L/2) < x < f5(L/2)

two limiting, and one intermediate, states of segregation: weak { g5_ [ fy(L/2) < x < (f, + f(L/2) and—(f, + f(L/2) < x < — f5(L/2)

(WSL), intermediate (ISL), and strong (SSL). Weak segregation | g _ g (f, + f(L/2) < x = L/2 and—L/2 =< x < —(f, + f)(L/2)

implies sinusoidal-like variations in composition and applies ©)

to the disordered regime and the ordered state close to the ODT.

In strong segregation the composition plateaus at essentially pure Other states of segregation that were considered were that of

polymer levels within the subdomains, leading to composite the S-domain being partially mixed with either I- or O-domains,

behavior that reflects the properties of the individual blocks. that is, going from a fully segregated-$—0O triblock to

Intermediate segregation implies local periodic concentrations essentially (I/S)-O or I-(S/O) diblocks, by gradual mixing the

Two other attractive nonfrustrated model triblock copolymer
systems have been evaluated in earlier studies. Poly(styrene
b-isopreneb-dimethylsiloxane) (SID) (and the frustrated version
ISD) is characterized by relatively symmetrically distributed
interaction parameters leading to similar end-block/center-block
interfacial tension8263Moreover, the blocks in this compound
are either glassy (S) or rubbery (I and D) at room temperature
facilitating TEM and SAXS experiments at ambient conditions.
Another material with commercial potential is poly(cyclohexane-
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S-domain with |- and O-chains, respectively. The domain sizes
and the relative magnitudes of the electron densities were
adjusted according to these mixing schemes. Since the periodic
system is centrosymmetric, the diffraction amplitud&%, of

the nth order diffraction peaks can be calculated by inverse

Fourier transformation of the moddM(x)

AY = % B cos(Z”T” dx (n>0) 4)

where the peak intensities), are calculated ag' = |AY|2.
The relative intensities of the diffraction peaks calculated from
these models are compared with those determined from experi-
mental synchrotron SAXS data. The electron densities of pure
I-, S-, and O-domains used for these calculationcare 0.464,
0.522, and 0.580 mol-écm?, respectively, based on reported
densities at 140C.%”

The experimental SAXS data were corrected by subtracting
a background intensity using the approximatigfxgrounfd) =

Figure 19. Rectangular models and calculated diffraction for lamellar a + bc?, wherea andb were adjustable parametéfsFigure
segregation based on the composition of ISO-21b. The models represent b shows the SAXS profile for specimen 1SO-21bl'ag vs q

three limiting cases: (a) well segregated I-, S-, and O-domains, (b)
mixed I- and S-domains segregated from the O-domains, and (c) mixed
S- and O-domains segregated from I-domains. Intensity profile in (b)

incorporating the Lorentz correctioi@®) to the background-
corrected intensity,|l’. These were compared with all the

is most consistent with the experimental SAXS results shown in Figure candidate models. Figure 19 shows the relative intensities of

1b. SAXS peaks calculated from the three limiting models of
segregation for specimen 1SO-21b. Of the three cases shown,
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Figure 20. Best-fit models of lamellar segregation for (a) ISO-21c where S- and O-domains are completely mixed, (b) ISO-27f modeled by a state
of partially mixed S (30%) and O, and (c) ISO-28a well segregated I-, S-, and O-domains. The experimental SAXS data were collect€d at 100
and Lorentz corrected after subtraction of background intensity.



Macromolecules, Vol. 40, No. 8, 2007 ISO Triblock Copolymers 2895

the 1-(S/O) model (Figure 19b) best represents the correctedsymmetries are identified: LAM, G, Q%0 Q?4 HEX, and
SAXS data shown in Figure 1b; the relative intensities of all BCC. OCis stable in two distinct composition channels. Other
eight SAXS peaks follow the sequence for the two-state intermediate states, tentatively assigned as HPL and mixed states
rectangular model. In contrast, the (I/S)-O model (Figure 19c) of coexisting LAM and HEX, also were identified. The 1SO
was eliminated since thK3g*) > 1(29*), while the FS—0O system is “nonfrustrated” with the relative magnitudes of binary
three-state model (Figure 19a) was disqualified siisg*) < interaction parameters favoring two interfaces. The experimental
1(6g*), both inconsistent with experimental data. On the basis phase map is asymmetric around the fo isopleth. This feature

of this analysis, the state of segregation for ISO-21b was suggests that the composition dependence of the ordered phases
deduced to be S-domains significantly mixed with the O- depends sensitively on subtle variations in the segrsggment
domains. Here we note that the modeling effort could be further interaction parameters and possibly differences in the block
refined to account for the detailed relative peak intensities, which statistical segment lengths, points worthy of further analyses.
could provide additional Fourier coefficients and a more detailed The effect of domain mixing was examined for several LAM
composition profile. However, reductions in long-range order phases by comparing experimental SAXS intensities with those
due to processing and sample deformation could result in ancalculated from simple rectangular models, demonstrating that
erroneous interpretation of the SAXS data. mixing of domains can lead to the formation of two domain

Similar analysis of three more specimens located in the bandlamellae. The phase map provides a guide for further theoretical
of lamellae are shown in Figure 20. Specimen 1SO-21c also developments and a basis for developing a universal phase
was determined to contain mixed O and S blocks (Figure 20a), diagram for nonfrustrated ABC triblock copolymers.
while the best fitting model for specimen ISO-27f corresponded )
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