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ABSTRACT: Self-assembly and chain-folding in well-defined oligomeric polyethyl@aekpoly(ethylene oxide)-
blockpolyhedral oligomeric silsesquioxane (BEREO+H-POSS) triblock molecules were studied by small-angle
X-ray scattering (SAXS), wide-angle X-ray diffraction (WAXD), and transmission electron microscopy (TEM).
The triblock oligomers were synthesized by attaching two kinds of functional POSS molecules, namely,
isocyanatopropyldimethylsilylisobutyl-POSS {BPOSS) and isocyanatopropyldimethylsilylcyclopentyl-POSS
(Cp—POSS), to a hydroxyl-terminated REPEO-OH diblock oligomer (denoted asEO,3) via urethane reactions.

In these triblock oligomers, both PE and POSS were crystalline, whereas PEO became amorphous due to tethering
of its both ends to other two blocks. In the crystalline state, PE chains tilteff@&#2 the lamellar normal, and

both Ib—POSS and CpPOSS molecules stacked into four-layer (ABCA) lamellar crystals, having the same
trigonal (R3m) symmetry as in pure POSS crystals. Because the cross-sectional area for a PE chain in the PE
crystals (0.216 n#Afchain) at the interface was much smaller than that for a POSS molecule in POSS crystals
(1.136 nn¥/molecule), the self-assembly and PE chain-folding were substantially affected by the sequence of PE
and POSS crystallization when crystallizing from the melt. For example, PE crystallization induced the POSS
crystallization in the bulk BEO,3—1b—POSS, and thus extended-chain PE crystals were observed. The grains of
crystalline lamellae again were small with often highly curved lamellar crystals. This could also be attributed to
the unbalanced interfacial areas for POSS and PE blocks (the interfacial area ratio being 2.6 for interdigitated PE
crystals, i.e., two PE chains per POSS molecule). For $e@;—Cp—POSS triblock oligomer, POSS molecules
crystallized before PE crystallization, forming a well-defined lamellar structure. The preexisting POSS crystals
confined the PE crystallization, and thus almost once-folded PE crystals were obtained. Because the interfacial
area ratio between POSS and PE blocks decreased to 1.3, the crystalline lamellae were straight and their grains
were relatively large. On the basis of this study, we conclude that confinement effect plays an important role on
chain-folding of crystalline block oligomers, which in turn determines the unbalanced cross-sectional areas between
chemically different blocks and finally dictates their final crystalline morphology.

Introduction Experimentally, equilibrium integral chain-folding was ob-

Because of a balance between the free energy penalties fron§e_rved tq take place at a lower threshold molecul_ar weight for
chain-folding of the crystalline block and chain-stretching of ©ligomeric block copolymers, when compared with the crys-

the amorphous block, chain-folding has been predicted to be tallizable oligomeric homologués®® This was due to the
under equilibrium conditions, rather than being kinetically Unbalanced cross-sectional areas between the crystalline and
controlled processes for high molecular weight semicrystalline @morphous blocks at the crystahelt interfaces, in addition to
diblock copolymers. The crystalline lamellar thickneispgcaled ~ the need of filling spaces at approximately constant densities
asL ~ N{N.%, whereN; andN, are the degrees of polymerization as in the bulk. Besides equilibrium integral chain-folding,
for the entire diblock and the amorphous block, respectively. metastable multiply folded (including nonintegrally folded)
Here,o is a constant, e.g=1/3 reported in ref 1-5/12 in ref structures were induced by rapid crystallization of the crystalline
2, and—6/11 in ref 3. Experimental results reasonably agreed block oligomers:3151€Annealing these metastable and multiply
with theoretical predictions for high molecular weight block folded crystals at elevated temperatures could thicken the
copolymerst~8 Unlike high molecular weight semicrystalline  crystalline lamellaé? In a recent study on an amphiphilic
block copolymers, crystalline block oligomers exhibited ex- starlike molecule with an aliphatic core and four hydrophilic
tended, fractionally folded, and integrally folded chain crystals. PEO arms (molecular weight 2000 g/mol), the difference
Therefore, the crystalline lamellar thickness for oligomeric block between the interfacial areas of the core and four PEO chains
copolymers does not obey the above predicted rules for highinduced once-folded chain PEO crystals, and transitions from
molecular weight block copolymers, where the equilibrium once-folded to extended-chain PEO crystals took place via
crystalline lamellar thickness changes continuously with the fractionally folded crystald? If the molecular weight of the
molecular weight of the crystallizable block. crystallizable oligoblock further decreases, extended-chain
crystals are preferred, regardless of the molecular size of the
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nanometers. In other words, chain-folding can be bypassed by Scheme 1. Chemical Structures of BPEO,3—Cp—POSS and

forming small crystalline grains with extended-chain crystals EsoPEOzs—Ib—POSS

for semicrystalline block oligomers. This was exactly observed j\ | ;}si/o\s(R
in a recent study on a polyethylebesoly(ethylene oxidel- Ha o o~ 3
triphenylene (PE-PEOb-P5T) triblock oligomer8 However, B H/\/\T/ /S' S'\*>°
it is still unclear under what conditions a crystalline block R;Si\ /P;i-R
oligomer will adopt multiply folded chains with balanced H Y

. . . . L . H R~ o"""R
interfacial areas (in this case the grain size of crystalline lamellae R= ﬂb or ©

should be relatively large) or extended chains with unbalanced b Y

interfacial areas (in this case the grain size of crystalline lamellae EgEOp-Cp-POSS  EgoEOp-Ib-POSS

should be small).

In this study, we successfully attached an oligomerictPE-  solution with a PE crystal suspension was heated up t&Coand
PEO diblock copolymer to an incompressible cubic molecule, then became clear. 0.36 mmol of POSS (350 mg of 1b-POSS or
i.e., polyhedral oligomeric silsesquioxane (POSS). Note that 381 mg of Cp-POSS) dissolved in 9 mL of dry toluene with three
there are only a few studies of crystallizable oligomers attached drops of the catalyst, dibutyltin dilaurate, was added dropwise to
to incompressible spherical molecules, such gsa6d POSS2.20 the reaction flask over a period of 30 min. The reaction mixture
and no chain-folding was discussed in those systems. In theWas stirred at 90°C for overnight. The reaction mixture was
PEb-PEObB-POSS triblock oligomers, the cross-sectional areas concentrated and precipitated in excesshteexane. The unreacted
for a PE chain and a POSS molecule are 0.216 and 1.136 nm POSS and impurity were removed by repeated precipitation in

velv. Th | | havi he triblock oli n-hexane. The precipitate was then redissolved in THF and
respectively. The self-assembly behavior of the triblock oligomer e ipitated in excessive methanol three times to partially remove

and the PE chain-folding are found to be dictated by the ynreacted BEO,. After drying the samples in a vacuum oven for
difference in the interfacial areas between a PE chain and a24 h to remove residue methanol, column chromatography on silica
POSS molecule and the sequence of PE and POSS crystallizagel using an eluent of hexane:THF 1:3 (v/v) was performed to
tion as well. If PE crystallized prior to POSS when crystallizing obtain pure BEO,3—POSS triblock oligomers. Finally, the yields
from the melt (i.e., unconfined crystallization), extended-chain for both BgEO,;;—Cp—POSS and gEO,3—Ib—POSS were about
PE crystals are preferred. The grains of crystalline lamellae are 60%. The purity of both samples was confirmed by SEC #td
relatively small (only~100-300 nm) because the interfacial Nu'\ﬂ]Rm(gﬁzee%“é’glgwng Information). Quantitatitt¢ NMR data are
area ratio between a POSS molecule and a PE chain is as higi? 11 NMR for EsdEOys—Cp—POSS: & (CDCk) 0.13 (s, 6H, Si-
as 2.6 (note that PE chains are interdigitated and thus one POS%H ), 0.58 [t, 2H, S--CHo—(CH),NH—], 0.89 [t, 3H, CHs—

. . 3 . ’ ’ 2 2)2 ' . ’ ' 3
molt_a_cule corresponds to two PE chains at the interface). In (CHy)»—], 0.98 (t, 7H, SF-CH), 1.26 [s, 150H—(CH2),—], 1.50—
addition, curved lamellar crystals are observed as a result of 1 76" [m, 56H, cyclopentyl-(CH,)s—], 3.15 (t, 2H GH,—NH—
unbalanced surface stresses. On the other hand, when the POS§00), 3.45 [t, 2H~(CHy)n— CH,— (OCH,CH,)m—], 3.66 [s, 89H,
crystallized prior to PE when crystallizing from the melt, PE —(OCH,CH,),—], 4.21 [t, ~OCH,CH,—OCONH-].
crystallization will be confined between preexisting POSS  H NMR for EggEO,;3—1b—POSS: 6 (CDCls) 0.12 (s, 6H, St
lamellar crystals. Once-folded chain PE crystals are obtained, CHa), 0.57 [t, 2H, Si-CH,—(CH,).NH—], 0.61 [t, 7H, Si-CH,—
and the interfacial area ratio between a POSS molecule and 8&CH(CH)a], 0.89 [t, 3H, GHz—(CHy)n—], 0.97 [s, 42H, Si-CH,—
PE chain decreases to 1.3. As a consequence, straight crystallin H(CHa)2], 1.26[s, 150H-(CHo)n—], 1.62[m, 2H;-CONHCHCH,CH.SI

: : L CHs),0—], 1.86 [m, 7H, Si-CH,—CH(CHs)2], 3.15 (t, 2H CHyo—
:;r:il:)asirv\\//gz relatively large grain sizes (at leass00 nm) NH—COOY), 3.45 [t, 2H(CHa)y- CHo— (OCH,CHp)]. 3.66 [s,

89H, —(OCH.CH2)m—], 4.22 [t, —OCH,CH,—OCONH-].
. . Instrumentation and Characterization. 'H NMR spectra were
Experimental Section recorded on a Bruker spectrometer (500 MHz, DMX 500).
Materials. Toluene was freshly distilled over calcium hydride Differential scanning calorimetry (DSC) experiments were carried
before use. Hydroxyl-terminated REPEO-OH was purchased out on a TA DSC-Q100 instrument. An indium standard was used
from Aldrich. Size-exclusion chromatography (SEC) and differential for both temperature and enthalpy calibration. Approximately 1 mg
scanning calorimetry (DSC) results indicated that it had a broad sample was used for the DSC study, and the scanning rate was
molecular weight distribution with a contamination of short alkanes 5 °C/min. SEC was performed on a Viscotek GPCmax with
and PEO homopolymers. A low molecular weight fraction with a quadruple detectors. THF was used as the solvent, and polystyrene
narrow molecular weight distribution was obtained by fractionation standards were used for calibration.
and purification using toluene as the solvent, as described in a Two-dimensional (2D) simultaneous SAXS and WAXD experi-
previous report! The molecular weight of each block was ments were performed at the synchrotron X-ray beamline X27C at
determined by end-group analysis using proton nuclear magneticNational Synchrotron Light Source, Brookhaven National Labora-
resonance! NMR) to be 1080 g/mol in the PE block and 998 tory. The wavelength of X-ray was 0.1371 nm. The scattering angle
g/mol in the PEO block. The molecular weigh distribution of the was calibrated using silver behenate with the primary reflection
sample was 1.16 as determined by SEC, using polystyrene aspeak at the scattering vectgr= (4x sin #)/A = 1.076 nm%, where
standards and tetrahydrofuran (THF) as the mobile phase. Thereforef is the half-scattering angle arids the wavelength. Fuji imaging
this diblock copolymer is denoted assEO,s. Isocyanatopropy- plates were used as detectors for both SAXS and WAXD experi-
Idimethylsilylcyclopentyl-POSS (CpPOSS) was purchased from  ments, and digital images were obtained using a Fuji BAS-2500
Aldrich, and isocyanatopropyldimethylsilylisobutyl-POSS Ib scanner. The typical data requisition time was 1 min. An Instec
POSS) was purchased from Hybrid Plastics (Hattiesburg, MS). Both HCS410 hot stage equipped with a liquid nitrogen cooling accessory
POSS samples were used without further purification. was used in temperature-dependent X-ray experiments. One-
Synthesis of BgEO,3—POSS Triblock Oligomers. The chemi- dimensional (1D) SAXS and WAXD curves were obtained by
cal structures of two EO,;—POSS triblock oligomers are shown integration of the corresponding 2D SAXS and WAXD patterns.
in Scheme 1, and they were synthesized by reactions of isocyanateThe azimuthal scans were performed on 2D WAXD patterns with
POSS with hydroxyl-terminated s6EO,:-OH, using a slightly the zero-angle starting from the meridian and scanning counter-
modified method from the literatur8:2223Typically, 434 mg (0.29 clockwise.
mmol) of BgEO,3 was dispersed in 35 mL of dry toluene and TEM experiments were performed on a Philips EM300 at an
transferred to two-neck flask under a dried &tmosphere. The accelerating voltage of 80 kV. Thin sections with thicknessés—
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Figure 1. DSC curves of the first heating, first cooling, and second heating processes fog).E-Cp—POSS and (B) BEO,;—1b—POSS.
The scanning rate is 8/min.

100 nm were obtained using a Leica Ultracut UCT microtome with POSS. During cooling, CpPOSS crystallization peaR{) was

a diamond knife at-10 °C. Thin section samples were collected seen at 155.8C with a heat of crystallization being 3.8 J/g.
onto 400 mesh TEM grids, freeze-dried, and stained in Rispor The PE crystallization had a shalp at 96.2°C with a very

at room temperature for 20 mf. broad tail at lower temperatures. The total heat of transition for
both the sharp and broad peaks was 63.5 J/g. Interestingly,

) ) ) anotherT, for PE crystallization was seen at 596 with a
Thermal Behaviors Studied by DSCThe thermal behaviors  heat of transition of 7.5 J/g. Judging from such a lfor the

of starting materials, CBPOSS, Ib-POSS, and &EQy3, were  pE crystallization, we attributed it to homogeneously nucleated
studied by DSC (see Supporting Information).€ROSS had  ¢rystallizatior?4~26 Apparently, the crystallization at higher

a melting temperaturelf,) at 357.3°C with a heat of fusion of  temperatures could be attributed to the heterogeneously nucle-
ca. 43.8 J/g (or 46.4 kJ/mol). #POSS had dr, at 136.6°C ated PE crystallization. Both heterogeneous and homogeneous
with a heat of fusion of 20.4 J/g (or 19.9 kJ/mol). We expect ncleation-induced polymer crystallization processes have also
that the dramatlc_dlfference in the melting points ofBOSS been observed in semicrystalline block copolyn#éré Finally,

and Cp-POSS will affect the self-assembly of thedEO,3— during the second heating, multiple PE crystal melting peaks
POSS triblock molecules. For thed=Os, the Tris of PE and were observed with a major pe@ at 101.7°C, which is about
PEO crystals were obser_ved at 103 (126.8 J/g) gnd 4 °C higher than that for the FEO,—Cp—POSS cast from
26.7°C (36.5 J/g), respectively. Since the heats of fusion for yhe THE solution (see the first heating). Since the heat of fusion
Eso and EQs oligomers were approximately 299.9 and 150.4 o this proad peak was 74.5 J/g, the PE crystallinity could be

J/g?* the crystallinities of PE and PEO were calculated to be ¢4icyated to be 73.5 wt %, slightly lower than that for the neat
about 81 and 51 wt %, respectively. EsoE O,

Thermal behaviors of EO,;—Cp—POSS and REO,3— ) ) . .
Ib—POSS triblock oligomers during the first heating, first During the first heating of gEO,5—Ib—POSS, a single and

cooling, and second heating processes are shown in parts Arelatively brongm was seen at 97.%C With a heaF of fusion
and B of Figure 1, respectively. For both samples, thesO of 80.4 J/g (Figure 1B). During the cpolmg, a major and sharp
block became completely amorphous after one free end beingTc Was seen at 95.7C, together with a broad shoulder at
attached to a POSS molecule. For example, in thiEG;— 88.7°C. During the second heating, double PE crystal melting
Cp—POSS only the PEO glass transition temperatligp\as ~ Peaks were observed with a majoy, at 99.9°C and a broad
seen at-59°C in the inset of Figure 1A. Both original samples lower temperature shoulder at 960. The total heat of fusion
were cast from 5 wt % THF solutions at room temperature. Was 84.6 J/g. NG was observed around 1366 for the Ib-

Since THF was a good solvent for the PEO block and POSs, POSS crystals. This is understandable becausd fhef Ib—
but a poor solvent for the PE block at room temperature, the POSS should decrease after attachingPDSS to the BEO,s,
PE blocks crystallized first in concentrated THF solutions when Similar to the case in £EO,s—Cp—POSS. On the basis of a
the solution became concentrated enough. We speculate thafimultaneous SAXS and WAXD study (see results later); Ib

the POSS molecules crystallized after the solvent was almostPOSS crystallized aimost coincidentally with the PE block in
fully evaporated. the BgEO23—Ib—POSS. To calculate PE crystallinity, the heat

During the first heating for the SEO,s—Cp—POSS, a sharp of fus?on for Ib—POSS should be d(_educted from the total _heat
T. for the PE block was seen at 97°C with a higher of fusion. Because the heats of fusion for-IBOSS and PE in
temperature shoulder at 10F°6. The total heat of fusion was ~ E39EOz3 were 20.4 and 244 J/g, the PE crystal heat of fusion
72.8 JIg. TheTy for the Cp-POSS crystal was seen at Was calculated to be 78.3 J/g._ The PE crystalhnlty_ was thus
164.1°C with a heat of fusion of 5.1 J/g. Obviously, when calculated to be 81.6 wt %, which had been normalized to the
attaching Cp-POSS to the REO, the T, of Cp—POSS Ib—POSS weight fraction of 32.0 wt %.
crystals drastically dropped from 357.3 to 164Q. After Crystal Structure and Orientation Studied by 2D SAXS
normalization to the weight percentage of-€OSS in the by and WAXD. To obtain the information on crystal structure and
EO,3—Cp—POSS (i.e., 33.8 wt %), the C{*OSS heat of fusion crystal orientation, the gEO,3—Cp—POSS sample was shear-
was 15.1 J/g, much lower than that (43.8 J/g) for the neat Cp oriented at 98102 °C between two aluminum plates before

Results and Discussion
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Figure 2. Two-dimensional (2D) (A) SAXS and (B) WAXD patterns for the shear-orientgft &;—Cp—POSS triblock oligomer. The film was
aligned in the horizontal direction. The Miller indices for PO$il) and PE [kl) crystals are shown in the 2D WAXD pattern in (B).

guenching to room temperature. The X-ray beam was along thesequence. Because it was not a close packing which is a face-
shear direction, and the film was aligned horizontally. Figure centered cubic or fcc structure, the crystal system belonged to
2A shows a 2D SAXS pattern for the shear-orientggEB,;— a_trigonal (rhombohedral) structure with a space group of
Cp—POSS sample, and the corresponding 2D WAXD pattern R3m.2%-32 When one alkyl side group was replaced by a
is shown in Figure 2B. Judging from the breadth of the reflection functional group, the asymmetric POSS molecules still fitted
arcs in Figure 2B, the degree of crystal orientation was poor. into the ABC-stacked rhombohedral structure with slight
We speculate that the volume fraction of GPOSS crystalsis  variations in the unit cell dimensiof%3*When POSS molecules
too small (ca. 27 vol %) to allow perfect alignment along the were attached to polymers, X-ray diffraction results showed that
shear direction, although there is enough mechanical contrastthe POSS crystals in the hybrid polymers displayed the same
between the molten PE and crystalline POSS. In the 2D SAXS major crystal reflections as those from pure POSS cry$tat8.
pattern, up to 2 orders of lamellar reflections with an overall Lamellar morphology with alternating bilayer POSS crystals
d-spacing of 11.57 nm are seen in the meridian, consistent with and polymer lamellae was inferred for these polymers. In a
the horizontal orientation of a lamellar structure comprising of recently study on the supramolecular self-assembly of a-disk
crystalline PE, amorphous PEO, and crystalline—B®SS cube dyad molecule, lamellar POSS crystals with an four-layer
layers. ABCA stacking sequence was determined by 2D WAXD

Information on PE crystal orientation could be obtained from experiments and computer simulation of the X-ray diffraci®n.
the 2D WAXD pattern in Figure 2B, where the PE (110) and Because each POSS molecule is attached to @Bz
(200) reflections atj = 15.1 and 16.7 nmrt, respectively, are  diblock oligomer, the stacking number of hexagonally packed
seen in the quadrants. From the azimuthal scan results (see th®OSS layers cannot exceed four. On the basis of our previous
cyan arrows in Figure 2B for reflection maxima and Supporting report (especially the computer simulation result of X-ray
Information), we calculated that the PE chains tilted at an angle diffraction from a slab containing an ABCA four-layer lamella
of 32° from the lamellar normal. Broad GFPOSS crystal with spherical molecules¥f,a possible structure is described as
reflection arcs, (1001) and (11B), are centered on the equator the following; each POSS crystalline lamella must have a
in the 2D WAXD pattern in Figure 2B, and overlapped (3)/2 thickness of at least oneaxis dimension, i.e., four layers of
(3030) reflections do not show any preferred orientation. To hexagonally packed POSS molecules stacking into an ABCA
determine the CpPOSS and IbBPOSS crystal structures, 1D sequence. Using the 1D WAXD results in Figure S5, the POSS
WAXD results for BEO,;—Cp—POSS and BEO,;—Ib— crystal unit cell dimensions can be tentatively determined as
POSS are compared with pure-€pOSS and IbPOSS X-ray = 1.62 nm,c = 1.72 nm, andy = 120, and it is almost the
diffraction profiles (see Figure S5 in Supporting Information). same for both pure POSS anghEO,3—POSS samples. In this
Because major crystal reflections from the POSS crystals in study, we used four-parameter hexagonal indidelsl)( to
E3EO,3—Cp—POSS and BEO,3—Ib—POSS were exactly the  describe a rhombohedral structure, where= —(h + K).
same as those in pure EPOSS and IbPOSS, the POSS  However, instead of using theuiftw] indices to represent the
crystals in the triblock oligomers should have the same lattice directions, we adopted th&lYW] system, wherd) =
crystalline structure as pure POSS crystals. TEM electron2h+ k=u—t,V=h+ 2k =v — t, andW = 1.9(a/c)?2 =
diffraction (ED) was also attempted to elucidate the structure w.3940

of POSS crystals; however, single crystals of-&DSS could As reported in ref 39, the CpPOSS diffraction pattern in
not be successfully obtained due to the interference betweenFigure 2B can be explained reasonably well using a model of
PE and POSS crystallization. horizontally aligned POSS lamellar crystals with an ABCA four-

Pure POSS molecules with eight symmetric alkyl substituents layer stacking sequence, as shown in Figure 3B,C. For details
crystallized into layers of hexagonally packed cubes (or spheres),one should refer to the Supporting Information. On the basis of
which further stacked into an ABC sequence, not an AB the above experimental results, a plausible molecular model is
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<’} PE
PEO

POSS

Schematic representation of one lamellar repeat for thE®s;—POSS with extended-chain PE crystals. (C) Schematic representation of one
lamellar repeat for the g£O,3—POSS with once-folded chain PE crystals.

shown in Figure 3B,C, where an amorphous PEO layer is V=V._ +V. = MPEa+ Mpeo 1)
sandwiched between a four-layer ABCA POSS lamella and a I
PE crystal with PEc-axes tilted 32 from the lamellar normal.

Predicting Lamellar Thicknesses in BgEO,3—POSS with whereMpg2 is the molecular weight of the amorphous part of a

Extended and Once-Folded PE ChainsAs we mentioned  PE block (calculated based on PE crystallinity) agko,ais
earlier in the Introduction, chain-folding in crystalline block the molecular weight of the PEO block. Because the pyramidal
copolymers is predicted under equilibrium conditions (rather frustum is the difference of two pyramids (the heights of these
than a kinetically controlled process) due to a balance betweenPYramids areh; andhy), the ratio ofhy/h; is

the free energy penalties from chain-folding of the crystalline

block and chain-stretching of the amorphous bl&ck.For h,/h, = \/a,/a, (2)
oligomeric block copolymers, equilibrium integral chain-folding

was observed, which occurred at a lower threshold molecular and the volume of the pyramid frustum is

weight when compared to the oligomeric homolog?€8.This

was a direct result of the difference in cross-sectional areas of V= l-(azhz —ahy) (3)

the two blocks at the interface, coupled with a need of space- 3

filling at constant bulk densities for different blocks. .
. . . From egs 2 and 3, the total thickness of the amorphous PE and
Different cross-sectional areas of the PE chain and POSS alsopgy layers il = h, — hy. Assuming the amorphous PE and

happhened in the &OzngOSf%_?fligomers. Figure 3A |ShOWSf PEO separated into two layers with thicknesses bdirgand
a schematic representation of different cross-sectional areas fofy _ - resnectively, and the interfacial area between amorphous

a PE chain (area; at the interface between crys.talline and pg and PEO beingee_reo the following relationships also
amorphous PE) and a POSS molecule (aeat the interface hold:

of amorphous PEO and crystalline POSS) iED,;—POSS.

These cross-sectional areas would form a pyramidal frustum, Y e e—

comprising amorphous PE and PEO blocks. When the PE chains hy/(hy + Gpe) = y/au/3ee peo )
adopted the extended-chain conformation, they were interdigi-
tated and tilted 32from the layer normal (see Figure 3B). Each
PE chain cross-sectional area can be calculated ta;be
0.5apdpg/cos 32 = 0.216 nnd on the basis of PE unit cell 1
dimensions gpg = 0.7418 nm andpe = 0.4946 nmy¥! From Vo = é[apt—pEo(hz + Opg) — ;] 5)
our SAXS results (see below) of the overall lamellar thickness

of ~14.5 nm, the possibility of a double-layer crystalline ysing eqgs 3 and 4, these can be calculated:
structure with extended PE chains (overall lamellar thickness

would be~20.5 nm) can be eliminated. In Figure 3B, there are 3 h.2

two _POSS molecules in theprojection of one hexagonal unit O = _1(3va +ah), — h, (6)

cell in a POSS crystal. Each POSS molecule, therefore, has a V a;

cross-sectional area ofy, = (\/5/4)apos§ = 1.136 nm.

Because the PE chains are interdigitated, the ratio of the POSSThe amorphous PEO layer thickness is tlbgo = d — dpg.

and PE interfacial areas #s/2a; = 2.6. We speculate that such Crystalline PE layer thickness is calculated on the basis of the
a difference in the cross-sectional areas will accumulate me- PE crystallinity,x“:

chanical stresses during the lateral growth of a crystal and affect

the self-assembly and crystallization behaviors e§HO,;— MpexX’

POSS triblock oligomers. Ope = M, CeCOS 32 )

Assuming the density of amorphous PE and PEO in the
diblock copolymer is the same as those for bulk samples (0.825where Mpg is the PE block molecular weightyly is the
and 1.061 g/cthfor amorphous PE and PEO, respectivély), molecular weight of an ethylene repeat unit (28 g/maiy is
the volume of the amorphous part of BEREO can be evaluated  the c-axis dimension (0.2546 nm), and the chain tilting angle
as is 32°. Then the POSS layer thickness is roughly

and the volume of the amorphous PE frustum can be calculated
as
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UJooss= 2Rposst Cross (8) lamellar reflections coexisted with a broad correlation-hole
scattering in the SAXS profile in Figure 6A, suggesting a partial

whereReossis the radius of a POSS molecule, which is about Melting of the sample. In the WAXD profiles, with a gradual
0.5 nm3° and thecrossis 1.72 nm. The POSS layer thickness [Ncrease in temperature, the intensities of POSS{lahd PE
is thus 2.72 nm. (110) reflections decreased simultaneously, and finally both

POSS and PE crystals melted after being heated aboV€ .98
Two amorphous halos centered at 5.4 and 14.2nmere seen

in the WAXD profile for EsgEO,3—1b—POSS at 100C. The

halo at 5.4 nm? (d-spacing= 1.16 nm) was attributed to the
average distance between cubic POSS molecules, whose
diameters were around 1.0 nm. The halo at 14.2n(a+spacing

= 0.442 nm) was explained as the average distance between
PEO and PE chains. In the SAXS profile at 1U0, a broad
correlation-hole scattering was seen at 0.98 h(d-spacing=

6.4 nm), which represented the average distance among the PE-
rich, PEO-rich, and POSS-rich microdomains in a density
fluctuation-induced disordered phaSe?

Figure 7 shows the cooling SAXS and WAXD profiles with
a small temperature interval of € for EggEO,3—Ib—POSS.

If the PE chain is once-folded (see Figure 3C), the cross-
sectional area per PE chain doubles, i@.,= 0.432 nn.
Assuming PE chains are still interdigitated, the ratio between
the POSS and PE cross-sectional areas decreasefdp =
1.3. This will, to a large extent, release the unbalanced interface
stresses and facilitate PE crystal lateral growth. The calculated
layer thicknesses for extended and once-foldg&8,;—POSS
samples are shown in Table 1. These data will be compared
with experimental results in the following discussion.

Extended-Chain PE Crystals in BgEO,3—POSS Grown
from Solution. To achieve unconfined crystallization for the
PE blocks, both BEO,3—Cp—POSS and BEO,;—1b—POSS
samples were cast from THF solutions at ambient temperature.
PE blocks crystallized before the POSS crystallization because®. > ) =
THF is a good solvent for POSS but a poor solvent for PE at During a cooling process from the melt at 1T0, POSS (101)
room temperature. Figure 4 shows SAXS profiles for solution- anqu P_E (110) reflectlon_s s_tart(_ad to appear smultqneously at
cast BEO;—Cp—POSS and BEO,;—Ib—POSS samples, 96 °C in the WAXD profile in Flgure 7B, together_ W|_th up to
whose overall lamellar thicknesses are 14.5 and 14.9 nm,3 orders of Ia_mellar reflections in the SAXS proflle in Figure
respectively. Compared with calculated overall lamellar thick- /A Decreasing the temperature just further increased the
nesses in Table 1, extended-chain PE crystals were obtained"yStallinities of both POSS and PE.
for both samples cast from THF. The morphology effD,;— On the basis of these experimental results, we concluded that
Cp—POSS and EEOx;—Ib—POSS samples with extended- POSS and PE melted and crystallized within a very narrow
chain PE crystals was studied by TEM, and the results are showntemperature range<@ °C) around 100C. A similar phenom-
in parts A and B of Figure 5, respectively. In the enlarged TEM €enon was also observed for the BEEOD-PST triblock
insets, one can clearly see that white/thick PE layers are oligomer, where the isotropization of the discotic triphenylene
sandwiched by two dark/thin PEO layers. Meanwhile, between took place coincidently with the PE crystal meltitfigTaking
two adjacent dark PEO layers, another white/thin POSS layer into account of the melting temperatures for the pureRIDSS
is seen. These results are consistent with our previous;RuO and the PE crystals ins6EOQ,3 being 136.6 and 101.3C,
staining results on crystalline PE, amorphous PEO, and crystal-respectively, we speculated that PE melting (or crystallization)
line POSS139From the inset TEM image in Figure 5A, each triggered the melting (or crystallization) of POSS. In other
layer thickness for PE, PEO, and POSS can be obtained bywords, immediately after PE crystals melted, molten PE blocks
scanning the intensity of brightness across the lamellae (dataserved as an additional solvent to dissolve POSS crystals upon
not shown). This TEM analysis method has been reported heating to above its melting point. Upon cooling, after the PE
beforel”41The experimental thicknesses for solution-growss E crystallization, the volume fraction of POSS in the melt suddenly
EOx;—Cp—POSS are listed in Table 1 for comparison with the increased and thus induced subsequent POSS crystallization.
calculated thicknesses. As one can see, the experimental resulti this sense, the PE crystallization was unconfined, and this
based on TEM analysis matched reasonably well to the was believed to be responsible for the formation of extended-
calculated layer thicknesses. Judging from the PE layer thicknesschain PE crystals.

of 7.3+ 0.9 nm (large errors originate from the small lamellar The morphology of melt-grown EO,5—1b—POSS with
grain sizes), which is close to total PE layer thickness (i.e.*2PE extended-chain PE crystals was studied by TEM, and the images
+ PE* = 8.25 nm), the amorphous PE should not be stained by gre shown in Figure 8. In a low-magnification view in Figure
RuQ,. This is consistent with our previous report that hydro- 8a the crystalline lamellae are often curved with relatively small

genated polybutadiene cannot be stained by RiOnderlow  grain sizes on the order of one to a couple hundred nanometers.
magnifications, the grain sizes of these lamellae are small for The inset TEM image shows a high-magnification view of a
both samples, in the range of 10800 nm. Similarly, small  grain having straight lamellae. From this TEM image, each layer

grain size was also observed in a BEOb-PST triblock thickness for PE, PEO, and POSS can again be obtained by
oligomer:® We attribute the small grain sizes to the unbalanced TEM image analysis when comparing the brightness scan profile
interfacial areas between a PE block and a POSS molecule (i.e.ith the TEM image in Figure 9A. The results are listed in
al2a; = 2_.6), when PE chains adopted the extended-chain Taple 1 for melt-grown BEO,3—Ib—POSS. As one can see,
conformation. When the PE crystals grow along the lateral the experimental results based on TEM analysis matched very
direction, unfavorable stress can accumulate to destabilize\el|l to the calculated layer thicknesses. Again, judging from
further growth, and thus the PE crystalline grains have to be the PE layer thickness of 84 0.2 nm, which is almost the

small. same as the total PE layer thickness (i.e., 2IPEPE° = 8.32
Extended-Chain PE Crystals Grown from the Melt in nm), the amorphous PE should not be stained by R@D the

E39EO23—Ib—POSS From the DSC results in Figure 1B, we basis of these results, extended-chain PE crystals were indeed
speculate that both PE and POSS should melt and crystallizeobtained when BEO,3—1b—POSS was grown from the melt.
tandemly. Figure 6 shows the heating SAXS and WAXD The relatively small grains can also be attributed to the
profiles with a small temperature interval of @ for EsgEOx3— unbalanced cross-sectional area raticagRa; = 2.6 for the
Ib—POSS. At 88°C, sharp first-, second-, and third-order extended-chain PE conformation in the crystalline lamellae, as
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Table 1. Calculated and Experimental (Determined by Both SAXS and TEM) Thicknesses for &gEO23—POSS Samples with Extended and
Once-Folded Chain PE Crystals

with extended-chain PE crystal with once-folded chain PE crystal
lamellar thicknesses calculated (nm) experimental (nm) calculated (nm) experimental (nm)
E3oEOp3—Cp—POSS (crystallinity= 73.5 wt %)
POSS 2.72 2.&0.2 2.72 2.4+ 0.2
PEO 1.76 2.2:0.22 151 1.9+0.1°
pEm 1.09 0.65
=i 6.07} 8.25' 7.3+ 0.9 304 434 46+0.3
totaF 14.48 14.8 10.08 10.8
E3oEO»3—Ib—POSS (crystallinity= 81.6 wt %)
POSS 2.72 2.60.1 2.72
PEO 1.81 1.8£0.2 1.52
pEm™ 0.81 0.47
PE" 6.70} 832 8402 3.35
totak 14.68 14.80r 14.9 10.05

a Crystallized and cast from THF solutiohCrystallized from the melt Total lamellar thicknesss POSS+ 2PEO+ 2PE™+ PE, d The overall PE
layer thickness= 2PE™ + PE',

0.4 1 14.5 nm
0.3 5

3

L 024 14.9 nm

0.1+

0.0

0‘0. o .0.5. o .110. o .1.5

g (nm™)

Figure 4. Lorentz-corrected SAXS profiles forsfEO,;—Cp—POSS
and BoEO,;—Ib—POSS cast from THF solution at ambient temperature.

{100Inmy
we mentloneq above for. solutlon-grown crystals..However, Figure 5. Bright-field TEM micrographs for (A) BEOss—Cp—POSS
instead of having only straight lamellae with small grains, curved and (B) EgEO,—Ib—POSS cast from THF solutions at ambient
lamellae were also observed. Intriguingly, highly curved lamellar temperature. The insets show images under high magpnifications. Thin
crystals were seen in certain areas, and an example is shown irfection BsEO,;s—POSS samples were stained by Ru@t room

Figure 8B. Different from genuine onionlike lamellar crystals temperature for 20 min.

in a recent report} the centers of these highly curved crystals e speculate that partial melting and recrystallization of PE
did not appear to be concentric and the outer lamellae did not crystals might induce fractionally folded chain crystals (this will
form a close loop, possibly due to the high bending rigidity of need further study). This lamellar thickness did not change up
POSS and PE crystals. Currently, we are still not clear how to 80 °C, suggesting that fractionally folded PE chains cannot
curvature was induced in the centrosymmetric lamellar structure pe annealed to thicken in§EO23— Cp—POSS. This is opposite
(i.e., PE-PEO-POSS-PEO-PE layers), even though we to the lamellar thickening upon heating of the PEO amphiphilic
speculate that it may relate to unbalanced surface stresses astarlike molecule$? and we speculate that the incompressibility
recently proposet!*> This will need further investigation in  of POSS molecules prevented PE lamellae from thickening upon
the future. heating. When the temperature increased t6@5% small new
Once-Folded Chain PE Crystals Grown from the Melt in reflection peak developed at 0.67 nin(corresponding to a
E3gEO,5—Cp—POSS.When BEO,;—Cp—POSS is subjectto  spacing of 9.35 nm), suggesting the onset of PE crystal melting
a stepwise heating process, simultaneous SAXS and WAXD in the sample. With further increasing the temperature to
profiles are shown in Figure 10. At 2%, 2 orders of relatively 100 °C, this new peak became more pronounced and broad
broad lamellar reflections were seen in the SAXS profile with lamellar reflection at 0.45 nm (d-spacing= 13.4 nm) almost
the g-ratio being 1:2. Because the PE crystals were premelted disappeared. The PE crystallinity substantially dropped in the
at 110°C to facilitate sample loading into a thin-wall capillary WAXD profile at 100°C. At 105°C, the PE (110) reflection
X-ray tube (diameter 0.7 mm), the starting lamellar thickness completely disappeared in the WAXD profile, and in the SAXS
was 13.4 nm instead of 14.5 nm as in the THF-cast samples.profile a relatively sharp reflection peak with a weak second-



Macromolecules, Vol. 40, No. 15, 2007

i

88 °C

©
°
(9]

92 °C

94 °C

Log/ (a.u.)

i

98 °C

100 °C
00 05 10 15 20
q(m™)

»
2

@

88 °C

90 °C

92 °C

94°

I (a.u.)

i@

96 °C

98 °C

100 °C

0
q(nm™)

Figure 6. (A) SAXS and (B) WAXD profiles for BgEO,3—Ib—POSS
during a slow heating process from 88 to 1W at 1 °C/min.
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Figure 7. (A) SAXS and (B) WAXD profiles for BgEO,;—1b—POSS
during a slow cooling process from 100 to 88 at 1°C/min.

order reflection was seen at 0.62 nin(corresponding to a
d-spacing of 10.2 nm). Intriguingly, the POSS (1Q1eflection
did not disappear at 10%. Further increasing the temperature
to 155°C, up to 3 orders of sharp lamellar reflections were
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———

Figure 8. Bright-field TEM micrographs for thin sections ofdEOx—
Ib—POSS grown from the melt. A low-magnification image is shown

in (A), together with a high-magnification image as the inset. Note
that both straight (in the inset image) and curved lamellar crystals are
observed. Sometimes, highly curved lamellar crystals are also seen as
shown in (B). The thin section samples were stained by fat@oom
temperature for 20 min.
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Figure 9. TEM image scan results for (A)sBEO,;;—Ib—POSS and
(B) E3sEO»;—Cp—POSS grown from the melt.

seen in the SAXS profile, and the POSS (1pihtensity in the
WAXD only slightly decreased. The overall lamelidspacing
remained the same at 10.3 nm. Finally, when the temperature
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Figure 10. (A) SAXS and (B) WAXD profiles for BsEO,s—Cp— Figure 11. (A) SAXS and (B) WAXD profiles for BdEQ.s—Cp—
POSS during a stepwise heating process. The sample was held at eacpQss during a stepwise cooling process from the melt. The sample
temperature for 5 min before the X-ray measurement. was held at each temperature for 5 min before the X-ray measurement.

increased to 175°C, above the melting temperature of
164.1°C, the sharp lamellar reflections completely disappeared,
and a very weak correlation-hole scattering is seen around 1.0
nm~1in the SAXS profile. In the WAXD, two relatively broad
amorphous halos were seen, representing the molten state of
the sample. This result is consistent with our previous DSC
results; after PE crystal melting, the POSS lamellar crystals
retained a well-defined lamellar morphology with an overall
lamellar thickness of 10.3 nm.

In a stepwise cooling process from the melt at 2Z5 two
amorphous halos are seen in the WAXD profile in Figure 11B.
The POSS (100) reflection appeared at 158, suggesting the .
crystallization of POSS blocks. Meanwhile, up to 3 orders of Figure 12. Bright-field TEM micrographs for a thin section of&
sharp lamellar reflections were observed in SAXS. This lamellar EO»—Cp—POSS grown from the melt. The thin section sample was
structure remained at an almost constant position until’t0  stained by Ru@at room temperature for 20 min.

At 95 °C, a broad reflection peak with a largibspacing started  large grain sizesX500 nm) were observed. The inset shows a
to emerge, and also the PE (110) reflection was seen in thehigh-magnification image of straight lamellae. From the TEM
WAXD profile. By decreasing the temperature to 80, the image analysis in Figure 9B, we obtained each layer thickness
sharp lamellar reflections gradually shifted to higlgeralues for POSS, PEO, and PE for melt-growggEO,3—Cp—POSS,

and finally disappeared. In the WAXD, the PE (110) reflection and the results are also given in Table 1. As we can see, the
became stronger. With further decreasing the temperature toexperimental thicknesses also match reasonably well to the
55°C, the PE crystallinity reached a maximum and 2 orders of calculated values for the once-folded PE chain conformation.
relative broad lamellar reflections were seen in the SAXS. The We thus conclude that almost once-folded PE crystals were
overall lamellard-spacing was 10.8 nm. Comparing this lamellar obtained after confined crystallization from the melt sandwiched
thickness with the calculated lamellar thickness having the once-between lamellar POSS crystals. Because the ratio between the
folded chain conformation in Table 1, PE chains were almost cross-sectional areas for a PE chain and a POSS molecule in a
once-folded after confined crystallization from the melt (by the lamellar crystals with once-folded PE chains decreaseab/to
POSS lamellar crystals). 2a; = 1.3, surface stresses due to unbalanced interfacial areas

Typical TEM images of the melt-growrnsEO,5—Cp—POSS were, to a large extent, released, and relatively large grain sizes
are shown in Figure 12. Only straight lamellae with relatively were obtained for the melt-growrns§EO»3—Cp—POSS. Com-
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Conclusions Supporting Information Available: Text giving the synthesis
. . . of E3gEO,3—POSS triblock molecules, thermal behaviors of-Cp

In this work, we successfully attached an oligomess,s  poss, I1b-POSS, and BEOy, crystal orientation and crystal

OH diblock copolymer to two kinds of isocyanate POSS gtrycture studied by X-ray diffraction for this paper and figures
molecules, namely, IBPOSS and CpPOSS, via the urethane  showing SEC of ByEOys, EsgdEOr3—Ib—POSS and BEO,3—Cp—
reaction. After stringent purification by column chromatograph, POSSH NMR of EsgEO,;;—Ib—POSS and BEO,;;—Cp—POSS,
the BgEO,3—POSS triblock oligomers had a relatively narrow  DSC of Cp-POSS, Ib-POSS, and &EO,3, azimuthal scan results
molecular weight distribution around 1.05. Because both ends for the 2D WAXD pattern for BEO,;—Cp—POSS in Figure 2B,

of the PEO block were tethered to two other blocks, it became 1D WAXD profiles of Cp-POSS, Ib-POSS, BEO5—Ib—POSS,
noncrystallizable with only &, at —59 °C. The self-assembly ~ @nd BsEO,;~Cp-POSS, and predicted 2D WAXD pattern and
behavior and PE chain-folding of thedEQ,3—POSS triblock molecular model for shear-orientedsEQ,;—POSS sample. This
oligomers were substantially influenced by the unbalanced muaégr;aél;(s)ravallable free of charge via the Internet at http://
interfacial areas between a PE chain (cross-sectional -area pubs.acs.org.
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