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Abstract: For a lamella-forming poly(ethylene oxide)eckpolystyrene (PEQ-PS) diblock copolymer\{,PE°

= 8.7K andM,"S= 9.2K), the glass transition temperature of the PS blocks #62nd the melting temperature

of the PEO crystals is around 5C when the sample is crystallized below 40. The PEO blocks thus
crystallize in a one-dimensionally confined lamellar space of 8.8 nm, as studied recently by one-dimensional
small-angle X-ray scattering (SAXS) and transmission electron microscopy. In this report, the crystal orientation
(the c-axis of the PEO crystals) within nanoscale confined lamellae has been investigated using combined
two-dimensional SAXS and wide-angle X-ray scattering experimentscBxés orientation in the PEO crystals

is observed for the first time to change from random to perpendicular, then to inclined, and finally to parallel
to the lamellar surface normal, depending only on the crystallization temperagurB€tailed crystallographic
analyses indicate that tleaxis orientation at each. corresponds to a uniform orientation rather than a mixture

of different crystal orientations.

Introduction when the amorphous blocks vitrify prior to the crystallization,

. . ... _I.e., the order-disorder transition temperaturédpr) > the glass
Dgrlng the past few decades, phase ”"?‘”Sf"rm"?‘“ons .W'thmtransition temperatureT{®) > the crystallization temperature
confined geometry have received substantial attention. It is well d{r

" ; .
documented that various ordered phase morphologies, such a o) Among the various phase morphologies of bulk block

. . opolymers, the simplest is the lamellar morphology, which is
lamellae, double gyroid, cylinders, and spheres, have been foun one-dimensionally (1D) confined. For confined crystallization

for diblock copolymers on a length scale of.a few nanometers, within the lamellar geometry, two extremes of chain orientations
as a consequence of microphase separation of the dissimilar

components.A convenient and effective way to construct well- chain-folded crystals with respect to the lamellar norml (
P o . o . can be found. Namely, the chain direction (in most cases, the
defined and uniformly oriented nanoenvironments is to use

diblock copolymers as templates. For example, confined liquid- c-axis of crystals) is oriented either perpendicular (a homoge-
polymers plates. pe, eaiaud neous configuration) or parallel (a homeotropic configuration)
crystal formation in nanoenvironments can be studied using

liquid crystalline-amorphous diblock copolymefsnd confined o Ifr]{ the 1960s. polvstvrene-sandwiched lamellar sinale crvstals
polymer crystallization can be studied using crystaliine f nolv(ethyl n,p >)</idy lockpol V\t”r n PECb—PSI gr wr)rll
amorphous diblock copolymefsere, the amorphous blocks ? podyl(et yel ?. oxidep Oi g.o gs yre ?[h( lect )(?'ﬁ? "
are usually vitrified to ensure the nanoconfinement. rom dilute sofution were studied using the electron ditiraction

In the present research, confined polymer crystallization has f:lrzwgi)nt?i(i:rgglt?:r?}nF{r?:anctrhesti:?s ev"’g;efrgu%ﬂ:g s:eng!;glrlgtgf » the
been studied using crystallin@morphous diblock copolymers. L N 1975 the h Y . Lori P ' found
Generally speaking, for low-molecular-weight crystaltine ater, in 1975, the - omeotropic prysta orientation was foun

. ’ o . for poly(ethylene oxideplock-polyisoprene block copolymers,
amorphous diblock copolymers, crystallization of crystallizable

blocks can be efficiently confined within nanoenvironments 2 Studied by combined two-dimensional (2D) small-angle X-ray
y scattering (SAXS) and wide-angle X-ray scattering (WAXS)
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chain orientation in the crystals was also found for poly(ethylene Experimental Section

oxide)blockpoly(butylene oxide) (PE®-PBO) diblock co- Materials and Sample Preparation. The PEOb-PS diblock
polymers, based on SAXS a}nd Iow-frequency Raman Spectros'copolymer was synthesized via sequential anionic block copolymeri-
copy result. The homeotropic crystal orientation has been used zation of styrene and ethylene oxide. Detailed synthesis procedures

frequently to formulate theoretical approad’?éélo’ll_ and can be found elsewhe?&?’ The PS precursor was characterized by
explain experimental observatiots1? This configuration is size exclusion chromatography (SEC) using polystyrene standard and
speculated to possess the most thermodynamic stability. had anM, of 9.2K and a polydispersity of 1.02. Thé, of the PEO

In contrast, homogeneous crystal orientation was observedblocks was determined by proton nuclear magnetic resonéndé\IR)
exclusively for shear-aligned polyethylene (PE)-containing block to be 8.7K, and the polydispersity of 1.04 in the final diblock copolymer
copolymers having microphase-separated lamellar morphologyVas determined by SEC using universal calibration. The volume fraction
based on WAXS pole figure analy&d® and 2D WAXS of PEO blocks is thus 0.473 in the melt at 860 (the densities of
experiment2%-22 |t was speculated that this unusual crystal amorphous PEO and PS are 1.092 and 1.035 3/m

. . be facili d by the i ial dividi To ensure the consistency of the phase behavior, uniform sample
orientation may be facilitate y the intermaterial dividing preparation procedure and thermal history were necessary. The sample

surface¥’ and is probably caused by the high molecular weights a5 cast from a 5% (wiv) toluene solution, and the solvent was allowed

in the PE blockg!22 to evaporate slowly under a dry nitrogen atmosphere 4€30 prevent
In other cases, a tilted crystal orientation with respedb to  the crystallization of the PEO blocks. Residual solvent was removed
was also proposed for PERPBO?3:242324gnd PEb-PEC?® under vacuum at 56C for 1 day, and the sample was then annealed

diblock copolymers. Since the molecular weights in the crys- at95°C for 12 h to allow the development of microphase separation.
tallizable blocks are low, extended chain conformation in the TO study the crystal orientation in this copolymer, the microphase-
crystals is assumed. Based on the SAXS results, the pc)lymerseparated samples were subjected to large-amplitude oscillating shear

chains are calculated to tilt around-3@0° away fromf in order (LAOS) under a dry argon atmosphere at £IDto achieve uniform,
to fit the lamellar thickness parallel alignment of the lamellar phase morphology. The shear

. frequency was 0.5 Hz, and the shear amplitude was 150%. The shear-
In our recent study® a PEOb-PS (8.7Kk-9.2K) diblock aligned samples were further annealed af@5or another 12 h in a
copolymer has been chosen as a model system to study confinegacuum oven to eliminate any residual stresses.
polymer crystallization within nanoscale lamellae. Differential Equipment and Experiments. Simultaneous 2D SAXS and WAXS
scanning calorimetry results show that the glass transition experiments were conducted at the synchrotron X-ray beamline X27C
temperature of the PS bIOCk'Eg(’% and the melting temperature  at the National Synchrotron Light Source in Brookhaven National
of the PEO blocks T,"E9) are determined to be 62 and51 Laboratory. The wavelength of the X-ray beam was 0.1307 nm. The
°C (for T, < 40°C), respectively. It has been found that between Z€r° pixel_ of the 2D SAXS pattern was calibrated_using silver be_henate,
two glassy PS layers, PEO blocks crystallize in a confined f[’;']'th the fllrst—c;[]der thgttthenng th‘:t.'nr (" 747;5."' H/f’o\;vg%lzg
lamellar space of 8.8 nm based on 1D SAXS and transmission © wavelength an e scattering angle) being 1.

| . b . T is d ined WAXS were calibrated using-Al,Os with known crystal diffractions,
electron microscopy observations. Thepr IS determined to and air scattering is subtracted. Conventional 2D WAXS experiments

be 160°C by temperature-dependent 1D SAXS. Confined \yere conducted on Rigaku 18 kW rotating anode generator equipped
crystallization kinetics and crystallinity of the PEO blocks with an image plate as the detector, and the detector was calibrated
between the glassy PS layers has also been followed by time-using silicon powders with@being 28.4 under Cu kx radiation. The
resolved simultaneous 1D SAXS and WAXS experiméfta. air scattering is also subtracted. The same samples were used in both
this report, crystal orientation within the confined lamellae is synchrotron and conventional WAXS experiments. Azimuthal profiles
investigated by combined 2D SAXS and WAXS on shear- for 2D WAXS patterns were obtained via scans, which started on the
aligned PEOb-PS samples, and various crystal orientations are vertical direction of the patterns. The standard deviation of determining

: : the angular maxim ist3°.
in varying only thé..
obtained by varying only thé. Isothermal crystallization experiments were conducted using an Instec

(9) Yang, Y.-W.; Tanodekaew, S.; Mai, S.-M.; Booth, C.; Ryan, A. J.; LN2-P2 hot stage equipped with a liquid nitrogen cooling system. The
Bras, W.; Viras, K.Macromoleculesl995 28, 6029. isothermal T, was controlled to within=0.1 °C. The shear-aligned
(10) DiMarzio, E. A.; Guttman, C. M.; Hoffman, J. dMacromolecules samples were preheated to %0 for 3 min and then quickly quenched

192(3;11)13,\/ ﬁi%?ntre M. D.: Noolandi, Macromolecule<.988 21 1482. (switched) to the hot stage at a pre3efor crystallization.

(12) Rangarajan, P.; Register, R. A.; Adamson, D. H.; Fetters, L. J.; Bras,
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13) Rangarajan, P.; Register, R. A.; Fetters, IMdcromolecule499 . . .
26’(46)40. garal 9 3 Structure of PEO Crystals and Its Diffraction Behavior.
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26, 4640. commonly observed in PEO crystals, and the crystal having the
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(a)

Figure 1. Different reflections in the PEO crystal reciprocal lattice: (a) viewed througlvves with thec-axis vertical; (b) viewed through the
c-axis with theb-axis vertical.

108,308 =.. - Table 1. d-Spacings and Angles between Each Set of Reflections
’ 328,128 and thec-Axis in PEO Crystals

hk8 d-spacing angles with respect
., B . reflections (nm) to thec-axis (deg)
Hkd \124’ 324,044, 244 120 0.463 90.0
N ‘-024 032 0.381 67.0
hk2 T Nt i vl 132 0.379 67.1
| 132,032,212,112 %g g.ggg gg.;
hk0 .\120 204 0.385 37.7
Vi S 004 0.397 35.4
’ 124 0.390 36.8
224 0.339 47.1
024 0.332 45.9
124 0.254 58.5
324 0.248 594
044 0.252 288
Figure 2. Fiber pattern of PEO crystals constructed by rotating the 244 0.249 59.3
reciprocal lattice along the-axis. 108 0.231 18.8
308 0.226 21.9
. . . 328 0.213 28.8
0kO whenk is odd. In one unit cell, four helical molecules pass 128 0.217 26.8

through along the-axis, which is nearly perpendicular to the
(104 plane313231.32The helix has a 7/2 conformation, which is
distorted from aD- point group due to the flexibility of PEO  are alongk (Figure 3a) and (Figure 3b) are practically identical.
chains and intermolecular interactions. The helical conformation Up to four orders of scattering peaks can be observez] and
corresponds closely togauche-trans—transsequence of bond ~ @/g* = 1:2:3:4. At the same time, there is no discernible
rotations, at which the gauche conformation is between the two diffraction in the 2D SAXS when the X-ray beam is aloag
CH, groups. (Figure 3c). These results indicate that the block copolymer

Based on the monoclinic PEO crystal structure, various lamellae are macroscopically aligned parallel toXké plane.
reflections in the reciprocal space as viewed through both the The vertical streaks in Figure 3a,b may originate from micro-
b- andc-axes are shown in Figure 1a and b, respectively. The defects (such as voids etc.) in the shear-aligned sample. The
reciprocal space coordinates for the PEO crystalsare 1/(a corresponding 2D WAXS along ¥, andz are shown in Figure
sinB) = 1.524 nm?, b* = 1/b = 0.767 nm'%, ¢* = 1/(c sin ) 3d, e, and f. The 2D WAXS patterns obtained along Bodimd
= 0.630 nn%, andp* = 180° — = 54.6'. If all the reflections y are the same, while that alorigs different, indicating that
rotate around the-axis, a PEO crystal fiber pattern can be the PEO crystal orientation is identical in bétlandy, and the
obtained, as shown in Figure 2, which is consistent with the orientation is random along This phenomenon can also be
experimental WAXS fiber patter#$:2° Thed-spacings for each ~ observed for the samples isothermally crystallized at different
set of reflections and the angles between each set of reflectionslcs, in which the 2D SAXS and WAXS patterns along béth
and thec-axis are listed in Table 1. andy are identical. Therefore, only the diffractions algngre

2D SAXS and WAXS Analyses for Shear-Aligned Samples. ~ used for the following discussion.
The shear geometry is shown in Figure 3. The shear direction ~ Crystal Orientation When Quenched into Liquid Nitrogen
is alongg, and the vorticity direction is alongy After the LAOS from the Melt. The shear-aligned sample is heated and held at
the parallel lamellar morphology is obtained. The lamellar 70 °C for 3 min in order to completely melt the PEO crystals
geometry is defined a8 || Z and O the X—Y plane. Figure 3 and then quickly quenched into liquid nitrogen. 2D SAXS and
also shows 2D SAXS and WAXS results on a shear-aligned WAXS alongy are shown in Figure 4a,b, and 2D SAXS and
sample when the X-ray beam is alokgy, andz, respectively, WAXS alongz are shown in Figure 4c,d. In Figure 4a, multiple
when the sample is isothermally crystallized-&t0 °C. From orders of 2D SAXS can be clearly observed alohgNo

the SAXS results, the patterns obtained when the X-ray beamsdiscernible SAXS in Figure 4c is found. These patterns are

: : identical to those in Figure 3b,c. Both parts b and d of Figure

20&31)23‘3'@ Calleja, F. B.; Hay, I. L.; Keller, Aolloid-Z. Z. Polym 1967, 4 show isotropic (ring) reflections in 2D WAXS, indicating a
(32) Chen, J.; Cheng, S. Z. D.; Wu, S. S.; Lotz, B.; Wittmann, J.c.  random crystal orientation within the confined lamellae. These

Polym. Sci. Polym. Phys. EA995 33, 1851. results also suggest little postshear effect on the crystallization
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Figure 3. X-ray scattering patterns of shear-aligned PEBS (8.7K-9.2K) sample isothermally crystallized-at0 °C. The sheared lamellar
geometry is shown on the top. (a) 2D SAXS obtained when the X-ray beam is paragbio2D SAXS alongy; (c) 2D SAXS alongz; (d) 2D
WAXS alongX; (e) 2D WAXS alongy; and (f) 2D WAXS alongz.

of the PEO blocks. A real-space model is illustrated in Figure through [120] (see Figure 1b) are shown in Figure 6a. A rotation
4e. During this liquid nitrogen quenching process, a large around [120] generates a [120] uniaxial pattern, as shown in
number of nucleation sites are created. It is speculated that theFigure 6b. The angles between different reflections and the [120]
nucleation density is so high that little crystal growth is needed direction are listed in Table 2.
to complete crystallization. In other words, the randomly  Based on this [120] uniaxial pattern (Figure 6b), there should
oriented PEQO crystals are too small feél’ the 1D confinement be four (120) reflections on the first reflection rind-¢pacing
provided by the glassy PS layers. of 0.463 nm), with the intensities on the meridian much stronger
Crystal Orientation When Isothermally Crystallized be- than those on the equator. The azimuthal profiles of the
tween—50 < T, = —10°C. The 2D SAXS and WAXS patterns  experimental (120) reflections obtained in 2D WAXS patterns
along{ and z obtained after the sample is quickly quenched alongy (Figure 5b) at differenfl;s are shown in Figure 7a.
from the melt to temperatures betwee0 and—10 °C are With increasingT,, the orientation of the (120) reflections
shown in Figure 5ad. The 2D SAXS patterns in Figure 5a,c  progressively improves. At = —10 °C, it is clear that two
are the same as those previously described in Figures 3 and 4sets of the (120) reflections are9@part from each other, with
indicating again that the crystallization of the PEO blocks is one set atp = 0° and 180 stronger and the other gt= 90°
completely confined in the 1D lamellae, and the lamellar phase and 270 much weaker. This is consistent with the predicted
morphology is preserved after the crystallization. Since the 2D [120] uniaxial diffraction pattern.
WAXS patterns along in Figure 5d are isotropic, the-axis In the predicted [120] uniaxial diffraction pattern (Figure 6b),
of PEO crystals is macroscopically isotropic with respedi.to  eight reflections on the second reflection ringgspacing of
However, the 2D WAXS patterns obtained alopgn Figure 0.38-0.40 nm) are attributed to the overlappe®Z), (032),
5b give clear oriented (120) reflectiorgpacing of 0.463 nm) (112), ('212), ('124), ('3)4), and (004) reflections at = 35°,
with major intensity along, and minor intensity in th&—y 65°, 115, 145, 215, 245, 295, and 325. The azimuthal
plane. The overlapped reflections on the second reflection ring profiles of this ring in the 2D WAXS patterns alofg(Figure
(d-spacing of 0.38:0.40 nm) of the 2D WAXS patterns are  5p) at differentl.s are shown in Figure 7b. It can be recognized
oriented in the quadrants. that the orientation of the overlapped reflections is also enhanced
This diffraction pattern can be quantitatively explained using with increasingTl.. At T. = —10°C, eight reflections are found
a [120] uniaxial pattern, with [120}= Z (or f). Different at ¢ = 33, 64, 116, 147, 213, 244, 298, and 327,
reflections of PEO crystals in the reciprocal space viewed respectively, which fit well to the diffraction pattern predicted
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Figure 4. X-ray scattering patterns of shear-aligned PE®S (8.7k-9.2K) sample quickly quenched into liquid nitrogen. (a) 2D SAXS obtained
when the X-ray beam is parallel fp (b) 2D WAXS alongy; (c) 2D SAXS alongz; (d) 2D WAXS alongz, and (e) schematic of random crystal
orientation within the confined lamella.
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Figure 5. X-ray scattering patterns of shear-aligned PE®S (8.7Kk-9.2K) sample isothermally crystallized a0, —30, and—10 °C. (a) 2D
SAXS alongy; (b) 2D WAXS alongy; (c) 2D SAXS alongz; and (d) 2D WAXS along.

in Figure 6b. Slight misalignment of the [120] axis around the to the overlapped (024) and42) reflections atp = 44°, 9C°,

z direction (within thex—2 plane) may cause intensity changes 136°, 224, 27(°, and 318. The azimuthal profiles of this ring

in addition to the contributions of individual structural factors in the 2D WAXS patterns alon§ in Figure 5b are shown in

in these overlapped reflections. Figure 7c. Again, with increasing, the orientation becomes
Figure 6b also predicts that six reflections are on the third increasingly improved. AT, = —10 °C, there are six maxima

reflection ring @-spacing of 0.33-:0.34 nm), which are attributed  at ¢ = 40°, 9C°, 145, 219, 27¢, and 323, which fit well
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Figure 6. Different reflections in the PEO reciprocal lattice: (a) viewed through the [120] wittcttves vertical; (b) the PEO [120] uniaxial

pattern.

Table 2. Angles between Different Reflections and [120]

angles between different

d-spacing (nm) reflections reflections and [120] (deg)
0.463 120 and20 0
(first ring) 120 and 1P 90
0.38-0.40 032 and 32 35.1
(second ring) 112 andi2 34.7
132 and 02 65.0
112 and 22 66.3
004 67.0
204 64.5
124 and 24 66.0
0.33-0.43 024 and 02 44.1
(third ring) 24 and 24 42.9
0.25 124 and 24 35.8
(fourth ring) 044 and 24 36.2
124 and 24 75.0
224 and 04 74.8
0.23 108 81.0
308 79.3
0.21-0.22 ‘28 and 28 61.2
(fifth ring) 128 and 28 63.2

2 These reflections are very close to the fourth ring and, therefore,
we do not count them as a separate ring.

with the predicted [120] uniaxial pattern (Figure 6b). The
nonequal intensity of those reflections may be due to the slight
misalignment of the [120] axis arourid

Although the first three reflection rings of the WAXS pattern
at T. = —10 °C correspond well with the predicted [120]
uniaxial pattern, another possibility for explaining the 2D WAXS
patterns in Figure 5b exists: these 2D WAXS patterns may be
constructed by mixtures of the [120] uniaxial patterns (Figure

6b) and the fiber pattern (Figure 2). This is because the above

reflections discussed in Figure a can also be found in the
fiber pattern. To determine that the observed WAXS patterns
in Figure 5b are due to a single population of the crystal
orientation, we need to find a reflection in the fiber pattern
(Figure 2) that is not seen experimentally in Figure 5b. This
can be fulfilled by analyzing the reflections on the fifth ring
[the (128) and (28)] (d-spacing of 0.230.22 nm). These two
reflections are located at = 62°, 90°, 118, 242, 27¢°, and
298 in the predicted [120] uniaxial pattern (Figure 6b), while
they are located ap = 28°, 152, 208, and 332 in the fiber
pattern (Figure 2). From the 2D WAXS pattern alohgt T, =

—10°C (see Figure 3d instead of Figure 5b, because the fifth
reflection ring is not included in Figure 5b), no distinct
reflections atp = 28°, 152, 208, and 332 can be found. A
guantitative result of the azimuthal profile of the@) and (28)
reflections obtained from Figure 3d is shown in Figure 7d, with
two broad scattering peaks centered &t &0d 270. It can be
deconvoluted using six Gaussian functions, among which the
peaks at 90 and 270 have double intensity (see Figure 6b).
At T, = —10°C, therefore, the experimental 2D WAXS pattern
does not provide any evidence for the existence of a mixture of
the [120] uniaxial pattern and the fiber pattern. This implies
that thec-axis of the PEO crystals is oriented perpendicular to
i (the homogeneous configuration).

Based on the above analyses, a real-space representation of
the crystal orientation between50 < T, < —10 °C is shown
in Figure 8. Assuming that the-axis of the PEO unit cell is
perpendicular t@ (i) and randomly distributed in the-y plane,
isotropic distributions of the (120) and the overlapped2)1
(032), (112), (22), (124), (D4), and (004) reflections are thus
expected in the 2D WAXS pattern alofzgFigure 5d). Since
one set of (120) reflections is in the-y plane, as shown in
Figure 5b, the [120] must be the fastest crystal growth direction
in the melt crystallization, as previously speculatéé There-
fore, theb-axis of the PEO unit cell tilts 45from Z (Figure 8).
When the X-ray beam is parallel §g the crystal orientation
exemplified by the left three crystals in Figure 8 gives rise to
a pair of the (120) reflections op but not in theX—y plane.
Only the fourth crystal on the far right of Figure 8 provides
equal reflections both o& and in theXx—y plane. Since the
population of PEO crystals on the far right is less than that of
the rest, the intensity in the-§ plane is thus weaker than that

onz
Crystal Orientation When Isothermally Crystallized be-
tween —5 < T, < 30 °C. When the shear-aligned sample is
crystallized atT, between—5 and 30°C, the 2D SAXS and
WAXS patterns along andz are shown in Figure Sad. The
2D SAXS patterns in Figure 9a,c are again identical to those in
Figure 5a,c, indicating that the lamellar phase morphology is
preserved after the PEO crystallization. The 2D WAXS patterns
alongz are isotropic (Figure 9d), indicating the isotropiaxis
orientation in the PEO crystals with respectftoln the 2D

(33) Kovacs, A. J.; Straupe, C.; Gonthier,A.Polym. Sci. Polym. Symp.
1977 59, 31.
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Figure 7. Azimuthal profiles for the PE®-PS (8.7Kk-9.2K) sample isothermally crystallized betwee0 < T, < —10 °C. (a) Azimuthal
profiles of the (120) reflections on the first ring; (b) azimuthal profiles of tr&2]1(032), (22), (112), (24), (D4), and (004) reflections on the
second ring; (c) azimuthal profiles of the2®) and (024) reflections on the third ring; and (d) azimuthal profile of tl28)&nd (28) reflections
on the fifth ring. The solid line is the best fit of the experimental data, and it can be deconvoluted into six Gaussian functions (dash line).
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of the (120) reflections always perpendicular figs:, the
corresponding uniaxial pattern can be obtained (Figure 10b). It
should be noted that the reflections witth and—I are no longer
symmetric with respect to the-¥y plane. The total number of
reflections in thé\ss uniaxial pattern is thus doubled compared
with that in the [120] uniaxial pattern. The angles between the
different reflections and thiys direction are listed in Table 3.
The tilt angle of thec-axis from thex—¥ plane is observed
to be 45 whenT, = 0 °C, and hence, the 2D WAXS pattern
obtained along (Figure 11a) can be compared to the predicted
Ny uniaxial pattern. As shown in Figure 10b, there are six (120)
reflections on the first ringd-spacing of 0.463 nm) at = 45°,
90, 135, 2253, 27C, and 3158. The azimuthal profiles for these

=n

P S S > experimental (120) reflections at differefigs are shown in
s SRR L SN b ey PS Figure 11b. For the 2D WAXS pattern &= 0 °C, six maxima
- ; at 42, 90°, 133, 223, 27C¢, and 313 are consistent with the

Figure 8. Schematic of a homogeneous crystal orientation within the

confined lamella predictediss uniaxial pattern. In Figure 11b, the six maxima

gradually merge with increasing, revealing the increase of

WAXS patterns along, the (120) reflections are located in both  the tilt angle away from th&—§ plane with increasinge. In

the quadrants and ttie-§ plane, while those of vanish with Figure 10b, there are reflections on the second reflection ring

increasingTe. (d-spacing of 0.380.40 nm) atp = 30°, 60°, 75°, 85°, 100,
These diffraction patterns indicate a tilt crystal orientation 105, 120°, 15C°, 210", 240, 255, 265, 280, 285", 300°, and

with respect tah, and the tilt angle of the crystakaxis away 330 (the assignments of the reflections can be found in Table

from the lamellar surface gradually increases with increasing 3). The azimuthal profiles of the reflections on the second ring

T.. To quantitatively analyze the diffraction patterns with the for differentTcs are shown in Figure 11c. For the experimental

tilted c-axis orientation, we construct a 48lted reciprocal 2D WAXS pattern atT, = 0 °C, there are eight maxima

lattice for PEO crystals as an example (Figure 10a). If we rotate observed withp = 28°, 73, 107, 154, 202, 253, 286, and

the reciprocal lattice around the 48t axis (fss-) with one set 335°. Note that the reflections around%0@5°, and 83 in Figure
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Figure 9. X-ray scattering patterns of the shear-aligned RERS (8.7Kk-9.2K) sample isothermally crystallized a5, 10, and 3C°C. (a) 2D
SAXS alongy; (b) 2D WAXS alongy; (c) 2D SAXS alongz; and (d) 2D WAXS along.
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Figure 10. (a) Different reflections in the PEO reciprocal lattice viewed through the [120] witlt-toes tilt 45° to the left (or thefiys vertical),
(b) the PEOR,s uniaxial pattern. The (120) reflections are on the first ring. TH&2J1(032), (42), (112), (24), (D4), and (004) reflections are
on the second ring. The 22) and (024) reflections are on the third ring. The (12424]3 (044), (24), (108), and (88) reflections are on the
fourth ring. The (28) and (28) are on the fifth ring.

10b are merged into one reflection peak around, Z®d the mental WAXS pattern is also consistent with the predicigg
rest of the reflections at othérangles on this ring can be ex-  uniaxial pattern. As one can see in Figure 11c, the eight maxima
plained similarly as merged reflections. Therefore, the experi- gradually merge into four maxima with increasifig, also
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Table 3. Angles between Different Reflections and the: Axis

angle with angles with
d-spacing (nm)  reflections fus (deg) reflections fus (deg)
0.463 120and20  90.0
(first ring) 120 and 19 45.0
0.38-0.40 B2andd2 307 B2and22  149.3
(second ring) 032 andl2 59.7 032and 22 120.3
112 and B2 854  1l12and B2 94.6
112and 02 106.1 1Pand02 73.9
204and 24  30.0 ®Ddand4 150
124 and 004 745 24and 004 105.5
0.33-0.34 24 16 24 1784
(thirdring) 024 and 24 53.0 024and 24 127
024 91.6 02 88.4
0.25 24 and 24 201 24and24 1599
(fourth ring) 044 and 24 66.5 044and 24 1135
124 and 24 80.1  124and 24 99.9
124 and 04 102.3 12 and 04 7.7
0.23 108 33.1 D8 146.9
308 70.8 38 119.2
0.21-0.22 28 172 28 1628
(fithring) 128 and 28 51.1 P8and 28 128.9
128 72.8 8 107.2

2 These reflections are very close to the fourth ring and, therefore,
we do not count them as a separate ring.

revealing the increase of the tilt angle away fromXh€y plane
with increasingTe.

Itis also important to prove that the experimentally observed
2D WAXS patterns represent a single population of the PEO
crystal orientation rather than a mixture of the tilt axis uniaxial

(@)

Relative intensity (a.u.)

T M
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pattern and the fiber pattern. We use the 2D WAXS pattern
obtained afl; = 0 °C as an example. Note that the first and
second rings in the 2D WAXS patterns are superimposed with
those in the fiber pattern. Therefore, it is necessary to resort to
the orientation of the reflections on the third rirdygpacing of
0.33-0.34 nm), which are found gt= 2°, 53", 88°, 92°, 127,
178, 182, 233, 268, 272, 307, and 358. Since eight of
the reflections a$ = 2° and 358, 88° and 92, 178 and 182,
268 and 272 are very close, they actually merge into four
peaks aroundp = 0°, 90°, 18C, and 270. The azimuthal
profiles for these reflections on the third ring at differ@is
are shown in Figure 11d. AE; = 0 °C, there are six maxima
aty = 0°, 64°, 92°, 18C, 268, and 297, respectively, of which
those at 64and 297 are much weaker. Another two reflections
at ¢ = 127 and 233 are overlapped with neighboring
reflections due to their relatively weak intensities. The reflections
at¢ = 90° and 270 are observed to be stronger compared to
those at¢ = 0° and 180, which may be due to a slight
misalignment of theés aroundz. Therefore, the 2D WAXS
pattern along at T, = 0 °C is consistent with thé,s uniaxial
pattern in Figure 10b. If the WAXS pattern in Figure 11a also
includes the fiber pattern (Figure 2), there should be reflections
at ¢ = 45°, 135, 225, and 318. Since no discernible
reflections are found at those angles, we can conclude that the
pattern in Figure 11a is a pufgs uniaxial pattern. Therefore,
thec-axes of the PEO crystals are preferentially oriented inclined
to thef direction between-5 < T, < 30 °C.

Based on these analyses, a real-space representation for the
crystal orientation between5 °C T, < 30°C is shown in Figure
12. The crystat-axis is tilted with respect té and randomly
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Mw °C
20°C
/\/\/\/\J\/\m
/\/\/\/\/\/\-s °C

T T T T T 1

0 60 120 180 240 300 360
@ (degree)
(c) (d)

5 3°c 3 30°C
«< <
e’ S’
b b o,
7 20°C g 20°C
5 8 10°C
g =
P 10°C P 0°C
2 oc &

T r 1 T T M T 1 T T T T

0 60 120 180 240 300 360

¢ (degree)

M T T T N I N 1
120 180 240 300 360
¢ (degree)

0 60

Figure 11. (a) 2D WAXS pattern obtained when the X-ray beam is parallgl & T. = 0 °C. (b) Azimuthal profiles of the (120) reflections on
the first ring between-5 < T, < 30 °C. (c) Azimuthal profiles of the @32), (032), (22), (112), (24), (D4), and (004) reflections on the second
ring between—5 < T, < 30 °C. (d) Azimuthal profiles of the (24) and (024) reflections on the third ring betweef < T, < 30 °C.
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Figure 12. Schematic of an inclined crystal orientation within the
confined lamella. _1-
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Figure 14. X-ray scattering patterns of the shear-aligned HERS
(8.7K—9.2K) sample isothermally crystallized & = 35 °C. (a) 2D

SAXS alongy; (b) 2D WAXS alongy; (c) 2D SAXS alongz; and (d)
2D WAXS alongz.
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g
]
distributed aroun@. From the schematics shown in Figure 12, E snd sin
the left and the middle crystals give rise to the (120) reflections = _/M ' g
on the quadrants, while the right crystal provides a pair of the S 3rd ring
X ) . . . /\_/\\,_/\\/\/\—/‘\.\_./\/\
(120) reflections in th&—y plane as the X-ray beam is parallel e, 4th ring

to §. With increasingT,, the four (120) reflections on the e ™o N e 41 ing

quadrant progressively move away fr@and gradually merge L L R L

into those reflections in the— plane, indicating an increase 0 60 120 180 240 300 360

of the tilt angle away from th&—¥y plane, as shown in Figure ¢ (degree)

13 (bas_ed on the an_aly5|s of Figure llb)'_ An_ extrapolation to Figure 15. Azimuthal profiles of the (120) reflections on the first ring,

theﬂ 90 tilt angle predicts that the crystelaxis will be parallel the (132), (032), (12), (112), (R4), (24), and (004) reflections on

tofhatTe = 35°C. the second ring, the £2+) and (024) reflections on the third ring, the
Crystal Orientation When Isothermally Crystallized above (124), (24), (044), (24), (108), and (B8) reflections on the fourth

T. = 35°C. 2D SAXS and WAXS patterns alorigare shown  ring, and the (28) and (28) on the fifth ring when isothermally

in Figure 14a,b, and 2D SAXS and WAXS aloagre shown  crystallized afTc = 35 °C.

in Figure 14c,d, obtained after the sample is isothermally _ _

crystallized afT, = 35 °C. Parts a and c of Figure 14 are the 238, and 302 for the (124), (24), (044), and (24) reflections,

same as previously described, indicating the confined crystal- and another four maxima gt= 14°, 165, 200°, and 343 for

lization of the PEO blocks &, = 35°C. The 2D WAXS pattern ~ the (108) and (88) reflections. On the fifth ringdtspacing of

alongy shows that the (120) reflections are exclusively in the 0.21-0.22 nm), there are four maximaat= 31°, 146, 209,

%—9 plane (Figure 14c). This indicates that thexis of PEO and 322 for the (38) and (28) reflections. These results are

crystals is oriented parallel td (2). The azimuthal scanning consistent with the WAXS fiber pattern in Figure 2 and Table

results for different reflections in the 2D WAXS pattern along 1, indicating that the 2D WAXS pattern alorjgis actually a

§ are shown in Figure 15. On the first ring-épacing of 0.463  PEO crystal fiber pattern.

nm), there are two strong maximagt= 90° and 270 for the The real-space representation of the crystal orientatidn at

(120) reflections. On the second rindrgpacing of 0.38-0.40 > 35° is shown in Figure 16, in which theaxis is parallel to

nm), there are four strong maximag@t= 65°, 113, 217, and N. The 2D WAXS along in Figure 14d shows again that the

295 for the (132), (032), (42), and (112) reflections, and four  crystal orientation is randomly distributed with respedb.tblote

weak maxima ap = 35°, 144, 217, and 324 for the (124), that if thec-axis of PEO crystals is perfectly parallelfipthen

(204), and (004) reflections. On the third ring-¢pacing of the overlapped reflections on the second and third reflection

0.33-0.34 nm), there are four maximagt= 43°, 134, 226, rings should not appear. However, the experimental 2D WAXS

and 316 for the (24) and (024) reflections. On the fourth ring  pattern (Figure 14d) still exhibits those reflections (the reflec-

(d-spacing of 0.25 nm), there are four maximaat 56°, 121°, tions on the third ring are weak). This can be explained by the
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AZ=h respect to the confined lamellar geometry has been extracted
A from detailed X-ray diffraction analyses. Four temperature
regions have been recognized for different crystal orientations.
(1) When the sample is quickly quenched into liquid nitrogen,
- the c-axis in the PEO crystals is randomly oriented. (2) The
X = shear c-axis in the PEO crystals is preferentially oriented perpendicular
to N (the homogeneous configuration) betweeB0 < T, <
y —10°C. Upon increasing th&; from —50 to—10°C, the crystal
orientation gradually improves. (3) Theaxis in the PEO
crystals is preferentially oriented inclined fobetween—5 <
PEO T < 30°C. Upon increasing th&, the tilt angle of thec-axis
with respect to the lamellar surface gradually increases toward
90r. (4) Finally, thec-axis in the PEO crystals is oriented parallel

(WY

o

4 b
K a

Q}FJ a",’-\J to A for T, = 35 °C (the homeotropic configuration). This is
P y — the first observation that in one diblock copolymer, the crystal
sy '_‘#—"Z_,:ij\_ T PS orientation between the PS glassy layers changes from random

N -

to perpendicular t@, then to inclined, and finally to parallel to
Figure 16. Schematic of a homeotropic crystal orientation within the i by increasing onlyT.. Many interesting aspects regarding
confined lamella. nanoconfined crystallization, such as chain-folded lamellar
crystal thicknesses and nucleation densities in different
misalignment of the crystal orientation and/or the lamellar phase regions, and locations of the crystals in confined lamellar space
morphology in the sample. From this 2D WAXS pattern, we (near the interfaces or in the middle of the lamellae), are subject
can estimate the degree of misalignment of thaxis with to further investigations. We are carrying out transmission
respect tdl. From Figure 1a, we can calculate that if thaxis electron microscopic studies (including bright and dark fields
rotates+18" around thev-axis, the overlapped {2) and (112)  5hq electron diffraction experiments for thin film samples
reflections wil appear (the lower limi). If the-axis rotates crystallized at differenT.s) in order to answer these questions.
+43" around theb-ax_|s, the c_)verlapped £n), (D), (094?’ and The T.-dependent crystal orientations are speculated to be
(1b32)' (0.32) rfeflectlons WI||| ap%iar (thg ulq%er “fT't)'. The critically dependent upon the nucleation density, the lamellar
observation of strong overlappedi@ and (112) reflections crystal thickness, and the confined lamellar space at different

and vv_eak _overlapped &), (03.2)’ .(24.)’ (D4), a_nd (004) Tcs in addition to the molecular weight of each component in
reflections indicates that theaxis misalignment with respect ; : .
this series of diblock copolymers.

to i should be between 28nd 43, but close to the lower

limit side. _
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