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ABSTRACT: A poly(ethylene oxideplockpolystyrene (PEM-PS) diblock copolymer with number-average
molecular weights of 7.7k g/mol for the PS block and 21.4k g/mol for the PEO block was used to study the PEO
crystal orientation changes at different crystallization temperatiiggsié small- and wide-angle X-ray scattering
techniques. For this diblock copolymer, an inverse hexagonal cylinder (IHC) phase morphology was identified
with PS cylinders hexagonally packed within the PEO matrix. In this IHC morphology, the PEO blocks were
tethered on the convex interfaces of the PS domains, and the crystallization of PEO blocks was outside of the
cylinders. The crystal orientation of the PEO blocks (tkexis of the PEO crystals) after crystallization among

the PS cylinders was, for the first time, found to change with respect to the long cylindedagipending

solely onTy. At very low Ty's, when the samples were quenched into liquid nitrogen, the crystals possessed a
random orientation. Wher30 °C < T, < 5 °C, PEO crystals had an orientation with theiaxis parallel tca.

Within the temperature region of 1 < T, < 20 °C, thec-axis crystal orientation changed to be tilted with
respect tc (the tilting angle was defined to be between thaxis of the PEO crystals aré. This tilting angle
increased with increasin@.. Finally, a major crystal orientation with treaxes of PEO crystals perpendicular

to & was observed whef, reached 30C. Furthermore, it was particularly interesting that the PEO crystals in

the IHC phase were oriented in two dimensions wiigr 30 °C. Namely, the PEO crystal growth was specifically
grown along th€ 1010} planes of the hexagonal PS cylinders. The crystallite sizes were estimated by the Scherrer
equation. The PEO crystal sizes, at least along one dimension, were on the scale of the sizes limited by the
distance between the neighboring glassy PS cylinders in the hexagonal lattice.

Introduction and the speed of the crystallization kinetics. The “breakout”

Crystalline-amorphous diblock copolymers can be used to crystallization may also bgl’?st‘)féirz"’z%i%‘g’hen the amorphous
construct nanoconfined environments of lamellae, double gy- confinements are very soft.
roids, cylinders, or spheres based on the block compositions. Among those studies about confined crystallization and crystal
The crystal structure, orientation, and crystallization kinetics orientation changes within the nanoenvironments constructed
of different kinds of semicrystalline blocks in diblock copoly- using block copolymers, almost all of them have focused on
mers, such as polyethylene (PE}/ poly(ethylene oxide) the systems which possess a continuous amorphous phase
(PEO)¥32 poly(L-lactic acid)3*~35 poly(e-caprolactone§é—38 (except for the lamellar phase) in order to generate the solid
and poly(tetrahydrofuran) (PTHREY, 4! within those confined matrix in the nanoconfined environments. The systems in which
environments, have been extensively investigated. Since thethe crystalline blocks form a continuous phaseystallization
strong phase separation takes place between two blocks wherof a matrix in an inverse phase morpholegyave only been
the temperature is below the ordefisorder transition temper-  investigated by a few groupgg1441.4°So far, two publications
ature Top) and since the glass transition temperatdrg ©f have appeared in the studies of the crystal orientation in the
the amorphous blocks in these systems is higher than the meltingnverse hexagonal cylinder (IHC) phase. In the first publication,
temperature ) of the crystalline blocks, hard nanoconfine- a polystyrendslock-(polyethylenealt-propylene)blockPE (PS-
ments can be achievétiWhen theTy is slightly lower than b-PEPb-PE) triblock copolymer was uséd.It was observed
the Ty, in a crystalline-amorphous diblock copolymer, the that theb- andc-axes of the PE crystals were predominantly
amorphous blocks may form a soft-confined environment for parallel and perpendicular to the long axis of the PS cylinders
the crystalline block3? The degree of softness of this confine- (&), respectively. In the second study, an unusual 2D-preferred
ment is dependent on the difference betweenijhend theTy, orientation of the PE crystals within the matrix of the IHC phase

constructed by P8-PE and poly(vinyl cyclohexané)lock-PE
*To whom correspondence should be addressed. E-mail: scheng@ (PVCH-b-PE) diblock copolymers was reportéti.The PE

ualﬁron.edu., , crystals tended to grow with thdiraxes parallel t@, while in
The University of Akron. the plane normal t@, the PE crystals tend to align thehaxes
* Institute Charles Sadron. — .
s Massachusetts Institute of Technology. parallel to the{ 1010} planes of the hexagonal macrolattice. In
U State University of New York at Stony Brook. addition, Liu et al. studied the blend of poly(methyl methacryl-
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Figure 1. Relationships between the tilt angle and crystallization
temperature for both the HC phase and the HPL pFases? The tilt
angle is defined as an angle between ¢rexes of the PEO crystals
and the cylinder long axia (note that in the HPL phase, tAalirection

is parallel to the lamellar normal).

PEObD-PS Diblock Copolymer 527

Z

Figure 2. Geometry of the mechanically sheared PE®S copolymers
with an inverse hexagonal cylindrical phase morphology.

The T¢”S cannot be clearly discerned by differential scanning
calorimetry (DSC) due to the modest PS content and interference
from the melting of the PEO crystatd However, theTy of the

PS blocks in a P®lockpoly(dimethylsiloxane) (P®PDMS)
diblock copolymer which ham,PS of 6.3K g/mol and weight
fraction of 0.29 was found to be 6Z 51 Our estimation of the
T4PS of this PEOb-PS is around 53C. The oriented samples

ate)blockPTHF and PTHF homopolymer with an IHC phase: were investigated using combined two-dimensional (2D) small
They proposed crystallite morphologies and packing models in angle and wide-angle X-ray scattering (SAXS and WAXS)
the IHC system,; yet, no experimental observations of the crystal techniques to monitor the PEO crystal orientation changes with

orientation were detailet!. So far, to our best knowledge, no
crystal orientation changes with crystallization temperatlige (
in the IHC phases have been reported.

In this study, we report the crystal orientation change with
Tx in an IHC phase constructed by a PB@RS diblock
copolymer. This investigation is closely associated with two of
our previous studies in PEGPS copolymers: one is the PEO
block crystallization within confined cylinders constructed by
an HC phase morpholog¥;32and another is confined crystal-
lization of PEO blocks in a hexagonal perforated layer (HPL)
phase morphology.?2For the IHC morphology the amorphous
PS blocks form hexagonally packed cylinders within the matrix

Tx in the confined IHC phase.

Experimental Section

Materials and Sample Preparation. The PEOb-PS diblock
copolymer was synthesized via sequential anionic block copoly-
merization of styrene and ethylene oxide monomers. Detailed
synthesis procedures can be found elsewpfetde PS precursor
was characterized by size exclusion chromatography (SEC) using
polystyrene standards and had BhPS of 7.7K g/mol and a
polydispersity of 1.02. Thi,PECwas determined by proton nuclear
magnetic resonance to be 21.4K g/mol. A polydispersity of 1.04
in the overall diblock copolymer was determined by SEC using
the universal calibration. The volume fraction of PS blocks was

of the PEO blocks. In contrast to the previous studies, the crystal then determined to be 0.275. The volume fraction of the PS blocks
will be outside of the cylinders with convex glass walls in the (fpg in the melt at 60°C was calculated on the basis of densities
IHC phase. On the other hand, the crystallizable PEO blocks of amorphous PEO and PS (1.092 and 1.035 &/cespectivelyf*

are nanoseparated as a discontinuous phase in the HPL phase, In order to ensure the consistency of the phase behavior, an
while in the IHC phase, the PEO blocks are a macroscopically identical sample preparation procedure was utilized. The sample

continuous matrix. This leads to a substantial difference of the Was cast from a 5% (w/v) toluene solution, and the solvent was
crystallization behavior of the PEO blocks evaporated slowly under a dry nitrogen atmosphere by a gradual

. ) 5 . . rise in temperature to above tfAg”E® and then kept at 70C to
On the basis of our previous studi®s?thec-axis orientation  prevent crystallization of the PEO blocks. Residual solvent was

of the PEO crystals within the cylinders of the HC phase were further removed under vacuum at 80. In order to study the crystal
found to change from random, to tilt, and to perpendicular with orientation in the copolymer, the samples were subjected to a large-
respect t@ asTy increases. No parallel orientation of thexes amplitude oscillating shear in a pair of parallel plates under dry
with respect tca could be found. In the case of the confined argon to achieve parallel alignment of the IHC phase morphology.
HPL phase constructed by a PHERS diblock, thec-axis The shear frequency was 1 Hz; the shear amplitude was 200% at
orientation of the PEO crystals changed from random, to & shear temperature of 12@. The shear direction and resulting
perpendicular, and to tilt with respect to the layer normal axis 'HC Phase morphology are schematically shown in Figure 2. The
asTyincreases. No parallel orientation of thaxis with respect x direction is the shear direction, and thelirection is the shear

X .

gradient direction. Thay plane is the shear plane.
to the layer normal could be found. In the HPL phase, the PEO ™ 11,4 sheared sample was abouk® x 0.1 mn?. One sample

blocks are tethered on both the layer and perforated cylinderyas ysed for one set of X-ray experiments at diffefgnvalues.
surfaces, while in the IHC phase, the PEO blocks are only |n this publication, three sheared samples were independently
tethered on the cylinder surfaces. If we define a tilt angle prepared to obtain the experimental data. Their results were
between thec-axes of the PEO crystals and the cylinder long reproducible, and the tilt angle deviation was witHi5°.

axisa (note that in the HPL phase tléedirection is parallel to Equipment and Experiments. Simultaneous 2D SAXS and
the lamellar normal axis), both relationships between the tilt WAXS experiments were conducted at the X27C synchrotron X-ray

angles andly can be plotted for the HC phase and the HPL
phase nanoconfinements, as shown in Figufe28:32

In order to study the PEO block crystallization and crystal

beamline of the National Synchrotron Light Source at Brookhaven
National Laboratory. The wavelength of the X-ray beam was 0.1371
nm. The zero pixel of the 2D SAXS patterns was calibrated using
silver behenate with the first-order scattering vectwpr 4 sin

orientation behaviors among the PS cylinders in the IHC phase, g/, wherex is the wavelength andds the scattering angle) being

we have synthesized a PEEPS diblock copolymer witivi,PEC
= 21.4K g/mol andVl,"$= 7.7K g/mol. TheT,PECis ~62 °C.

1.076 nntt. The 2D WAXS results were calibrated usiagAl .03
with known 29 crystal diffraction. Air scattering background was
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Figure 3. Set of 2D SAXS patterns of PEGPS crystallized at-20 °C when the X-ray beam is along (a) tkeg(b) they, (c) thez directions.

subtracted. Azimuthal profiles were obtained from the 2D WAXS Results and Discussion

ggttiergssoby scanning 36@t a specific diffraction & in an area of Phase Morphology of the Shear-Aligned Sample Deduced

In order to analyze the apparent crystallite sizes of the PEO IN Reciprocal Space Figure 3 shows a set of the 2D SAXS
crystals formed in the IHC environment, the Scherrer equation was Patterns of the mechanically sheared PEGS sample after

used=3 crystallization at—20 °C. Figure 3a is the 2D SAXS pattern
when the X-ray beam is aligned along tkelirection. In this
D —_Ki ) 2D SAXS pattern, up to five orders of diffraction can be
AN Y observed. They are the (10} (1210), (20D), (213), and
(3030) diffractions of the 2D hexagonal structure. The relation-
whereDyy is the apparent crystallite size along tihél[ direction, ship of these diffractions ig/q* = 1:v/3:2:v/7:3 (g* is the first

K is the shape factor (the Scherrer constant, a value of 0.94 is usedscattering vector). The 6-fold symmetry of this pattern clearly
in this case)fn is the line breadth, and is the half-scattering indicates that the PS cylinders in this sample are packed into a
angle. UsuallySny is taken as the half-width at half-maximum 2D hexagonal lattice. The PS long cylinder axisjs parallel
(hwhm) of an (KI) diffraction. In this study, it was the (120)  to thex direction (the shear direction). In this figure, a pair of
diﬁract_ion. Assgming that the diffrac_tion peak shape obeyed a e [10‘1)] directions are perpendicular to the shear (typ
Gaussian function, Warren's correction can be used to correct plane: therefore, the (10) planes of the hexagonal lattice are
instrument broadeningy oriented parallel to thay plane.
Parts b and c of Figure 3 are the SAXS patterns with the
@ = [1- b_2 @) X-ray beam aligned to thg andz directions of the hexagonal
B Bt lattice (see Figure 2), respectively. If the hexagonal lattice is
perfectly oriented with the (1@ planes parallel to they plane,
whereBy is the experimentally observed hwhm of the diffraction Only the (10D), (202), and (308) diffractions should be
peak andb is the hwhm of a standard specimen diffraction. To observed when the X-ray is aligned with tlgedirection (in
ensure a good calibration, the apparent crystallite size of the standard~igure 3b). Meanwhile, only the (1B) diffraction should appear
specimen should be 60 nm. A quartz line at 60°0was taken for if the X-ray is aligned with thez direction (in Figure 3c).
the standard. _ _ _ However, in Figure 3c the (1@} diffraction can also be seen,
Since the PEO blocks were in the matrix and less conflr_led as indicating that the phase morphology obtained in the mechani-
compared with systems in which the PEO blocks were in the .oy sheared sample is a polydomain hexagonal lattice mixture
nanoseparated phases and PS blocks were in the matrix, CryStal'separated by grains. Moreover, weak diffraction arcs are also

lization of the PEO blocks was fast. In order to judge how fast the . - - . . .
cooling rates should be to obtain isothermal PEO block crystal- seen in the quadrants in Figure 3b,c, implying that the orientation

lization, we utilized a hyper-DSC accessory on the Perkin-Elmer ©f the PS cylinders within these samples is not perfect.

Pyris Diamond DSC which was designed to achieve a fast and ~Quantitative analysis based on the SAXS patterns and the
controlled cooling rate up to 500C/min in a temperature range  volume fraction of PS blocks of this copolymer shows that the
between 70 ane-80 °C. Liquid nitrogen was used as the coolant. distance between neighboring centers of the PS cylindgis,
Using different cooling rates between 5 and 3@min, we could 29.6 nm, and each PS cylinder diamet@r,is 16.3 nm (see
estimate the lowest isotherniglvalues below which the isothermal  Figyre 2).

crystallization could not be carried out. Detailed experiments were Crystal Orientation Changes in Different Tx Regions.The

done by placing the copolymer thin film samples, which were . o .
solution cast (with a weight of about 0.05 mg and a thickness of 2 _copolymer sample was quenched into liquid nitrogen or

«m), onto a small piece of thin flat aluminum foil (056 0.6 cn? |s_othermally crystallized at dlffergnTx values using liquid
with a weight of less than 0.5 mg). In this setup, the thin film Nitrogen as the coolant. ThE, region was—30 °C = Ty <
samples were completely contacted with aluminum and then with 30 °C. All the 2D SAXS patterns recorded at differditvalues

the Pt/Rh sample holder which was directly connected to the oven after the PEO isothermal crystallization were identical to those
in the DSC to minimize the thermal gradient and ensure the thermal in Figure 3a-c, indicating that the IHC phase morphology of
conductivity. The samples were then heated t6C@&nd held there the PS cylinders is retained in thig region, and hence, the
for 3 min before different controlled cooling rates were applied to  pEQ blocks are crystallized outside of the cylinders.

observe the location of the exothermal crystallization peak. Since the PEO blocks are now the matrix, the crystallization

Isothermal crystallization experiments on the shear-aligned kinetics of the PEO blocks should be much faster than those in

samples were conducted using an Instec LN2-P2 isothermal stag ' : . . S
equipped with a liquid nitrogen cooling system. The isotherfal “hard confinements previously studied. For example, in a similar

was controlled to within an accuracy #0.5°C. The samples were ~ Molecular weight range, at a cooling rate of&/min for the
preheated to 76C for 3 min and then quickly quenched (switched) lamellar confined environment, the exothermic peak of the PEO
to the stage at a pres& for crystallization using liquid nittogen  block crystallization appears at 2€.24 In the case of the HC

as the coolant. confined environment, the exothermic peak of the PEO block
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Figure 4. Set of 2D WAXS patterns of PE®-PS crystallized after being quenched into liquid nitrogen. The X-ray beam is along (&) (the
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they, and (c) thez directions.

crystallization appears at27 °C at a cooling rate of 10C/
min.22 On the other hand, for a PEO homopolymer with similar
molecular weight, its exothermic crystallization peak appears
above 50°C when the cooling ratec10 °C/min.

Therefore, the first step to conduct this investigation is to
understand at whicfiy the isothermal crystallization can still

be conducted. Because of the design features of the hyper-DSC

we can achieve a fast controlled cooling rate up to 800nin.

At a cooling rate of 40C/min, the exothermic peak temperature
of this sample is observed at 366; while at a cooling rate of
200°C/min, this exothermic peak temperature shifts to 283

If we plot a relationship between the exothermal peak temper-
ature of the PEO crystallization and the logarithm of the cooling
rate, an extrapolation leads to a temperature 80 °C at which

the exothermic peak of the PEO crystallization should appear
when a cooling rate is equivalent to quenching to liquid nitrogen
(2100 °C/s)>* We thus carry out the study of isothermal
crystallization kinetics of the PEG-PS sample down to @

of —30°C.

Crystal Orientation When Crystallized from Quenching in
Liquid Nitrogen.Parts a, b, and ¢ of Figure 4 show a set of 2D
WAXS patterns with the X-ray beams aligned along g,
and z directions, respectively, conducted on the PE®S
sample after being quickly quenched into a liquid nitrogen
slurry. In this experiment, the PEO blocks are estimated to be
crystallized during quenching and/or being brought back to room
temperature. All of the 2D WAXS patterns possess isotropic
ring diffractions. The inner ring is attributed to the (120)
diffractions @-spacing of 0.463 nm), and the outer ring is the
overlapped (32), (032), (112), (22), (124), (D4), and (004)
diffractions (overlappedd-spacing of 0.380.40 nm). It is

0
g.(nm')
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Figure 5. Sets of 2D WAXS patterns of PEBGPS in theT region
with the PEO crystalst-axes parallel to the cylinder axis direction.
(a) Tx = —30 °C when the X-ray beam is along tleirection; (b)Tx

= —30 °C when the X-ray beam is along thedirection; (c) Tx
—30 °C when the X-ray beam is along tleirection; (d)Tx = —20
°C when the X-ray beam is along thedirection; (e)Tx = —20 °C
when the X-ray beam is along tlyadirection; (f) Ty = —20 °C when
the X-ray beam is along thedirection; (g)Tx = 5 °C when the X-ray
beam is along the direction; (h)Tx = 5 °C when the X-ray beam is
along they direction; and (i)Tx = 5 °C when the X-ray beam is along
the z direction.

crystal orientation in thigy region in the IHC confinement can

deduced that the homogeneous nucleation density is high andbe schematically drawn and is shown in Figure 6b (the top view
that the crystal growth is not carried out far enough to complete along thex direction of the IHC phase.) A cross-section view
the crystallization in such high supercoolings. Therefore, the along the OOline is attached at the bottom of this figure. In
PEO crystals are randomly oriented outside of the PS cylindersthis figure, thec-axes of the PEO crystals are parallel to the

disregarding the shape and size of the environment.

Crystal Orientation When Crystallized betweef30 °C =<
Tx < 5 °C. The 2D WAXS patterns, having the X-ray beam
aligned along the, y, and z directions for the mechanically
sheared copolymer sample that is quickly quenched frofiC70
to variousTy values betweer-30 and 5°C using liquid nitrogen
as coolant, are shown in Figure-Sigfor three Ty values 30,
—20, and 5°C). The WAXS patterns which were taken along
the x direction in Figure 5a,d,g exhibit two major isotropic
diffraction rings, similar to the case shown in Figure 4a.
However, in the 2D WAXS patterns at the$gvalues along
they andz directions, as shown in Figure 5b,c,e,f,h,i, they all
exhibit a pair of the (120) diffractions located on the equator.
The azimuthal scanning profiles for these (120) diffractions at
theseTy values when the X-ray beam is along thelirection
are shown in Figure 6a. This reveals that theexes of the PEO
crystals are parallel ta when theTy is between—30 and 5°C.

direction and théo-axes are randomly oriented in theplane.
It is thus expected that the 2D WAXS patterns should be
identical to the fiber pattern of PEO crystals when the X-ray is
along they andz directions®® As evidenced by the broad (120)
diffraction arcs on the equator in these figures, the PEO crystals
studied here are less oriented when they are compared with those
2D WAXS patterns observed in the confined lamellar and HPL
structures with the same crystal orientations (fiber pat-
tern)?3'26127'32

The observation of this crystal orientation is surprising to us
because our previous studies of the PEO crystal orientation
changes in the HC phase (the PS formed the matrix and PEO
formed the cylinders) show that tiseaxes of PEO crystals were
not observed to be parallel t& in the entire T, region
studiec?®32We speculate that the confinement size (the diameter
of the PEO cylinder) in the HC phase structure is smaller (less
than 14 nm38-32than that in the IHC phase. (The upper limit of

On the basis of these analyses, a real space model for the PEGhe in-plane lateral sizes for the PEO blocks is estimated to be
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Figure 6. Azimuthal profiles of the (120) reflections on the first ring whBn= —30, —20, and 5°C, when the X-ray beam is along thelirection
(a); a schematic drawing of @axis orientation in PEO crystals parallel &ccrystallized outside of the PS cylinders (b).

Table 1. Long PeriodL, Weight Percentage Crystallinity we, Volume T, 16 (a) 16 b)
Percentage Crystallinity »c, and Lamellar Thickness| of PEO 8 \ 8
Crystals when Crystallized between—30 and 5°C = . = "
T« (°C) -30 —-20 -10 0 5 10°C E _8 E p
L (hmp 14.4 14.2 14.3 13.9 14.0 = >
0.637 0.639 0.637 0.648 0.650 -16 ' -16

we \6 -8 0 8 16 268 0 816
o 0.614 0.616 0.614 0.625 0.628 | |
I (nm)y 8.8 8.7 8.8 8.7 8.8 g.(nm’) g.(nm')

aong period of PEO amorphous and crystalIBEO weight percentage

crystallinities, obtained in DSC experimentd?EO volume percentage 16 16 . e) 16 (f)
crystallinities, vc = pawd[pawe + pc (1 — We)], where pc and p, are the 8 o 8 o '8
density of crystalline and amorphous PEO, respectively. At room temper- R 0 N oo 0
ature, p. = 1.239 g/cid and p, = 1.124 g/cm. 9 PEO crystal lamellar i E . E E
. _ 20°C Z g Z g - -8
thickness] = Luc. = = =
16 16 -16

"l68 0 816  -16-8 0 8 16 -16-8 0 8 16
35.0 nm; see the bottom view in Figure 6b.) Furthermore, the N N .
difference of the tethered PEO blocks on a convex or a concave g:(nm”) 4ANE) g(antc)
PS solid surface may also affect the PEO block crystallization Figure 7. Sets of 2D WAXS patterns of PEGPS in theT, region
and crystal orientation. Note that in the other two studies for With the PEO crystalst-axes tilted to the cylinder axis direction. (a)
crystallization in the IHC phase thisaxis orientation has also Iﬁe_xl_?ayc Bégfnx\;\;:g gﬁ:’:{g \t’ﬁzi?é%%%rt]'?e(dc'ﬁxc“frl’o(lg)c-l}tﬁelg_g&
not been reportetf14 beam was along thedirection; (d)T, = 20 °C, the X-ray beam was
Additional structural information can also be obtained by @along thex direction; (€)Ty = 20 °C, the X-ray beam was along tiye
careful examinations of the 2D SAXS patterns in Figure 3b,c direction; and (fiT, = 20°C, the X-ray beam was along taelirection.

atTx = —20 °C. In these figures, a pair of the scattering arcs sotropic. When the X-ray beam is aligned along thand z

on the meridian direction (along, the x direction) can be  directions, Figure 7b,c,e,f exhibits that the (120) diffraction

observed. After examining each 2D SAXS pattern obtained in maxima are located in the quadrants. Figure 8a shows two
this Ty region (=30 °C < Ty < 5 °C), all of them show the  azimuthal scanning profiles for those (120) diffractions at these
similar scattering arcs located along thelirection, as shown  two T, values. Four maxima in each of the azimuthal scanning
in Figure 3b,c. These scattering arcs result from the long period, profiles can be observed. This reveals that a specifically

L, of the PEO block crystals due to the parallel orientation of preferred crystal orientation of theaxes of the PEO crystals
the c-axes of the PEO crystals addn this Ty region?® When exists and is inclined with respect & Furthermore, with

the T, > 5 °C, those scattering arcs cannot be observed in the jncreasingT,, the tilting angle increases from 2at 10°C to

2D SAXS patterns because of the change of the PEO crystal7eeat T, = 20 °C (angle is from the-axis toward the direction
orientations (see below). THe values are between 13.0 and  which is perpendicular ta). A real space model for the PEO
14.4 nm within thisTy region. Since the DSC results show that crystal orientation between I < T, < 20 °C in the IHC
the weight crystallinity of PEO is-65% when the sample was  confinement is schematically drawn and shown in Figure 8b.
crystallized between-30 and 5°C, the thickness of PEO  From the top view of the IHC structure (along theirection),
crystals within this temperature range can be roughly calculatedthe PEO crystals are randomly oriented alongxtrection,

using the model previously develop&dThe lamellar thick- while from the cross-section view in the bottom
nesses of the PEO crystalsat differentTy values are inthe  of this figure, thec-axes of PEO crystals are tilted with
vicinity of 8.7—8.8 nm. They are also included in Table 1. respect tca.

Crystal Orientation When Crystallized between°@@ < Ty Figure 9 shows the change of the angle betweerctares

< 20 °C. Figure 7 shows two sets of 2D WAXS patterns of a of PEO crystals ané with Ty values, which is different from
sheared PE®@-PS sample when the X-ray beam is aligned along the observation in both the HC phase and HPL phase
thex, y, andz directions after the sample is crystallizedlat= confinement2%-28.32 Note that the tilt angle change wiffy

10 and 20°C, respectively. The 2D WAXS patterns in Figure values are close to identical for these three sheared samples
7a,d (when the X-ray beam is along tkelirection) are again independently prepared with a deviatiorde°. In fact, if Figure
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Figure 9. Changes of the angle between thaxis of the PEO crystals
anda at differentTy values. The deviation for each data point in three
sheared samples independently preparetd5%

8b is a true representation of the PEO crystal orientation, we
should also observe a pair of the (120) diffractions on the equator
in the 2D SAXS patterns. In our observations, the pair of
diffractions may be buried in the smeared scattering of the
azimuthal scanning profiles. This implies that tiaxes of the
PEO crystals are not as oriented as those in the HC confinemen
due to the fact that the confinement sizes in the IHC phase are
less uniform within theyz plane compared to the confinement
size (diameter of the PEO cylinder) in the HC phase. The tilting
angle may also be sensitive to the confinement siZes.

Crystal Orientation When Crystallized at 3C. Parts a, b,
and c of Figure 10 show a set of 2D WAXS patterns of a
mechanically sheared sample crystallized,at= 30 °C when
the X-ray beam is aligned along they, andz directions. It is
particularly interesting that in Figure 10a the 2D WAXS pattern
taken along the direction shows three (120) diffraction pairs
with a 6-fold hexagonal symmetry. The azimuthal scanning
profile X in Figure 11a represents the (120) diffractions in the
WAXS pattern of Figure 10a. The six maxima are observed at
around¢ = 30°, 90°, 15C°, 21C, 27C, and 330, indicating
that the PEO crystals preferentially orient into three directions
that are 120 apart from each other. Comparing this 6-fold
symmetry in the WAXS patterns with the 2D SAXS pattern of
the IHC phase structure (see Figure 3a), we can deduce tha
the PEO crystal growth is guided along th#010} planes of
the hexagonal PS cylinder lattice. Namely, itvaxes of the
PEO crystals are parallel to t§@210} planes.

This result is similar to the observed PEO crystal orientation
in the HPL phase where the PEO crystals are along 1040}

PS cylinders (b).

planes of the hexagonal perforated PS cylindéf8However,

it differs from the PE crystal orientation observed in the IHC
phase morphology of the PVCBHPE copolymer, where the
c-axes of the PE crystals is parallel to #1010} planes of the
IHC phasé'* Possible reasons for this difference may result from
the different crystal growth direction in these two different
crystal structures of PEO and PE (PEO growth along the [120]
in the monoclinic unit cell and PE growth along thexis in
the orthorhombic unit cell). More importantly, the chain
direction in the PE crystals is tilted with respect to theaxis

at an angle from 18to 35 usually but up to 4%5at high Ty
values®

In Figure 10b,c, 2D WAXS patterns where the X-ray beam
is aligned along thg andz directions show the (120) reflections
located on the meridian, indicating that tb@xes of the PEO
crystals are oriented perpendicularéoThese patterns can be
explained using a [120] uniaxial patteth.The azimuthal
scanning profiles Y and Z in Figure 1la represent the (120)
diffractions when the X-ray beam is along thandz directions.

Two major maxima appear at 9and 270, indicating that they
are on the meridian. However, there are also shoulders near the

tr‘neridian. They may result from some minor population of the

c-axes of the PEO crystals that are still tilted with respect to
the &axis and/or some PEO amorphous halos may be oriented
in those azimuthal angle regions. Tlisxis orientation of the
PEO crystals afly = 30 °C is identical to the PEO crystal
orientation in the confined HC pha&8&2but different from that

in the confined HPL phase. In the HPL phase, thaxis
orientation of the PEO crystals is determined by a combination
of both the preference of the PEO blocks tethered on the PS
layers and the perforated PS cylinders in the confined $iz8s.

In the ideal case of a monodomain IHC phase where the PEO
blocks are crystallized outside of the PS cylinders, the 2D
WAXS patterns obtained when the X-ray beam is aligned along
they andz directions should not be identical since the X-ray
beam is parallel and perpendicular to {010} plane of the
IHC phase, respectively. A real space model for the PEO crystal
orientation crystallized at 30C in the IHC confinement is
schematically drawn in Figure 11b, in which tbexes of the
PEO crystals are perpendicularéolf one views from the top
of the IHC phase (along thg direction), the PEO lamellar
crystals preferentially grow along t§6010} planes of the PS
cylinders in the IHC phase at this. Therefore, when the X-ray
beam is aligned along thedirection, there should be only one
pair of (120) diffractions appearing on the meridian and no (120)
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Figure 10. Set of 2D WAXS patterns of PE®-PS in theT, region with the PEO crystalg-axes perpendicular to the cylinder axis direction: (a)

Tx = 30 °C when the X-ray beam was along tkalirection; (b)Tx = 30 °C when the X-ray beam was along thairection; and (c)Tx = 30 °C
when the X-ray beam was along thelirection.
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Figure 11. Azimuthal profiles of the (120) reflections on the first ring when= 30 °C; curves X, Y, and Z represent the results when the X-ray
is along thex, y, andz directions, respectively (a). Schematic drawings of PEO crystals wéthxas orientation perpendicular focaitside of the
PS cylinders (b).
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observed on the equator. On the other hand, when the X-ray
beam is along the direction, the (120) diffraction should be

on both the meridian and equator. Since we do not have a perfect
monodomain structure of the IHC phase as illustrated in Figure
3a—c, no obvious difference in both of the 2D WAXS patterns
can be found as is shown in the azimuthal scanning profiles Y
and Z in Figure 11a.

The reason for the PEO crystal adopting the [120] growth o itsciikio 20 40
direction along th€ 1010} planes must be attributed to lower T (°C)

nucleation densities (thus, larger sizes) of the PEO crystals WhIChFigure 12. Apparent crystallite size analysis for the (120) diffractions

can grow a longer distance than the restriction imposed by the 5 gitferentT, values in the 2D WAXS patterns when X-ray beam is
PS cylinders before the impingement with other PEO crystals. along they direction.

In this case, as shown in Figure 11b, one [120] direction in the

PEO crystals is directed along tiéedirection, and the other  sets of (120) diffraction pairs are both located on the equator
growth direction is along thg1010} planes, namely, along the  in the 2D WAXS patterns. Therefore, only one mean (120)
[1210] direction of the hexagonal PS cylinders. The PEO crystallite size can be obtained in tAisregion, D120 mean AboOVe
lamellar crystal thickness is controlled by the distance between T, = 5 °C thec-axes of the PEO crystals start to tilt with respect
the neighboring PS cylinders along the [Dlirection, which to & We can have two (120) crystallite sizes: one represents
can be calculated to be 9.3 nm (see Figure 11b). Although this the (120) direction perpendicular & (D12q0), and another is
lamellar crystal thickness is limited, theaxis orientation of the (120) direction tilt (1°C < Ty < 20 °C) to &, D12o it

the PEO crystals provides the maximum crystallinity develop- Finally, at T, = 30 °C, the c-axis of PEO crystals is
ment with a low primary nucleation density. perpendicular td. Two (120) crystallite sizes can be identi-

Apparent Crystallite Size Estimations Using the Scherrer  fied: Dizop andDiaoy.
Equation. In order to study the shape and size of the PEO  Figure 12 shows the calculated (120) lateral crystallite sizes
crystals within the IHC phase, we perform data analysis of the at different T, values for the mechanically sheared sample.
(120) diffractions from the WAXS patterns along thdirection Between—30 °C < Ty < 5 °C, the D12 meanvalue gradually
by using the Scherrer equation. The definitions of the (120) and slightly increases with increasiiigand reaches a maximum
crystallite sizes are as follows. In tfig region between-30 whenTy = 0 °C. The value of this maximum is 17.6 nm, which
and 5°C, thec-axes of the PEO crystals are paralleBtorwo is smaller than the upper limit of the distance between two PS

[~
(=]

Crystallite size (nm)
o
=

-
(=]
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cylinders in the lateral direction, 35.0 nm. Although the (4) Sakurai, K; M?cKrllight, W. J.; Lohse, D. J.; Schulz, D. N.; Sissano,
imi J. A. Macromoleculed 993 26, 3236.

calcuIate_lezo,meanreﬂects merely a lower limit of Ehe actual (5) Cohen. R. E.- Bellare, A.. Draewinski, M. Macromoleculed 994

crystal size, the values of tH®;20 meanbetween—30 °C < Ty 27 2301,

< 5°Cin Figure 12 are consistent with our conclusion that the (6) Khandpur, A. K.; Macosko, C. W.; Bates, F.BPolym. Sci., Polym.

PEO crystals are “confined” outside of the hexagonal PS Phys. Ed.1995 33, 247.

; ; (7) Hamley, I. W.; Fairclough, J. P. A.; Ryan, A. J.; Bates, F. S.; Towns-
cylinders. We speculate that one of the reasons for the maximum Andrews, E Polymer1996 37, 4425,

value of D120meanat 0°C may be associated with a change in  (g) Hamley, I. W.; Fairclough, J. P. A.; Terrill, N. J.; Ryan, A. J.; Lipic,
the nucleation type from homogeneous to heterogeneous P. M.; Bates, F. S.; Towns-Andrews, Elacromoleculesl996 29,
nucleation. It was reported that the homogeneous to heteroge- © 5;?135- 3 Maumdar. B Schulz. M. - Bates. E. S Amdal. K

. : ao, J.; ajumdar, b.; Schulz, . ., bates, r. S.; mdal, K.;
neous nucleation change for aFEO havindvarof about 10K Mortensen, K.; Hajduk, D. A.; Gruner, S. N\Macromoleculed996
g/mol occurred at &y around 0°C.57 29, 1204.

Figure 12 also shows the apparent crystallite sizes along two (10) gomf}s,ns]'lD' J.; Register, R. A;; Marchand, G NRacromoleculed997,
perpendicular directions, t12qp andDizo,i, When 10°C < (11) Quiram, D. J.; Register, R. A.; Marchand, G. R.; Adamson, D. H.
Tx = 20 °C. It has been found thdiz0 it > Di200 Since the Macromolecules 998 31, 4891.
confinement along th®:20,: direction is gradually released  (12) Weimann, P. A.; Hajduk, D. A,; Chu, C.; Chaffin, K. A.; Brodil, J.
when the tiling angle increases. In this range of the apparent 'CD-? E’ag?'DF- SJ- PO'CWT"-:Stf'-v Pi'y\’]“.- fﬁy&gggﬂézom.l |
crystallite sizes, it seems that they still represent the true peo®® 2(?(50' 3?;’79e31_osa’ - Feters, L. J., Thomas, Eviacromolecties
crystal dimensions. Aty = 30 °C, the PEO crystal growth along  (14) Loo, Y. L.; Register, R. A.; Adamson, D. Blacromolecule200Q
the D12qp direction, which is parallel t@&, is limited by both 33, 8361.

the restrictions of the PS cylinders and the impingement of (%) Iz_ggi\gthgFé%gister, R. A Ryan, A. J.; Dee, G.Macromolecules

neighboring crystals along thedirection. On the other hand, (16) Loo, Y. L.; Register, R. A.; Ryan, A. Macromolecule2002 35,

the PEO crystal growth along ti® »o; direction is only limited 2365.
by the impingement of the neighboring crystals. At thisthe 17 Iage;hilta, HS IjshiiF; ll\l Agﬁi, CEz '\33/:'4'\;';4 Igléenaka, K.; Shiomi,
: : . J. Polym. Sci., Polym. Phys. . .
true PEO CryStal.dlm.ensmnS may exceed the calculBteg (18) Hirata, E.; ljitsu, T.; Hashimoto, T.; Kawai, HPolymer1975 16,
apparent crystallite sizes. 249
(19) Yang, Y. W.; Tanodekaew, S.; Mai, S. M.; Booth, C.; Ryan, A. J.;
Conclusion Bras, W.; Viras, K.Macromoleculesl995 28, 6029.

] ) (20) Hillmyer, M. A.; Bates, F. SMacromol. Symp1997, 117, 121.
In summary, the IHC phase in the PHERS diblock (21) Hamley, I. W.; Wallwork, M. L.; Smith, D. A.; Fairclough, J. P. A.;

copolymer has been identified by SAXS experiments. The g‘ggy A.J; Mai, S. M.; Yang, Y. W.; Booth, ®0lymer1998 39,
dependent crystal orientations are styd‘lied b_y usnlng comblned(zz) Zhu, L.: Chen, Y.: Zhang, A.: Calhoun, B. H.: Chun, M.: Quirk, R.
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i i _ i (23) Zhu, L.; Cheng, S. Z. D.; Calhoun, B. H.; Ge, Q.; Quirk, R. P.; Thomas,
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