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ABSTRACT: An asymmetric nine-arm star polymer, (poly-
styrene);-(poly(4-methoxystyrene));-(polyisoprene); (PS;-
PMOS;-PL;) was synthesized, and the details of the structures
of its thin films were successfully investigated for the first time
by using in situ grazing incidence X-ray scattering (GIXS) with
a synchrotron radiation source. Our quantitative GIXS analysis
showed that thin films of the star polymer molecules have very
complex but highly ordered and preferentially in-plane
oriented hexagonal (HEX) structures consisting of truncated
PS cylinders and PMOS triangular prisms in a PI matrix. This
HEX structure undergoes a partial rotational transformation
process at temperatures above 190 °C that produces a 30°-
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rotated HEX structure; this structural isomer forms with a volume fraction of 23% during heating up to 220 °C and persists
during subsequent cooling. These interesting and complex self-assembled nanostructures are discussed in terms of phase

separation, arm number, volume ratio, and confinement effects.

lock copolymers have attracted much attention in the field

of nanotechnology over the past two decades because of
their morphologies; these morphologies are particularly affected
by phase separation, which depends strongly on the block
components and compositions.' > The morphologies of block
copolymers have also been studied extensively with regard to
the interaction energies of the block components, entropy
variations with molecular weight, and block volume ratios.* As a
result, various morphologies have been discovered and their
formation mechanisms established.'™* However, these studies
have mostly concentrated on linear-type block copolymers
because of their relatively easy syntheses.

Asymmetric star polymers have arms that differ in chemical
structure and have received significant attention because of
their potential to form novel morphologies that are more
complex than those of linear-type polymers and block
copolymers.>~® Several ABC-type star polymers with three
arms have been reported®™ and found to exhibit complex
morphological structure, including mixed structures.®”® How-
ever, they have mostly been examined in the bulk state by using
conventional transmission electron microscopy and X-ray
scattering.’”® Further, such star polymers were initially limited
to three arms because of the difficulties of synthesizing
polymers with a higher number of arms. Recently, a novel
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iterative methodology based on living anionic polymerization
with specially designed 1,1-diphenylethylene derivatives® has
been developed that overcomes these difficulties. Moreover,
synchrotron grazing incidence X-ray scattering (GIXS) has
been demonstrated to have significant advantages over
conventional X-ray scattering and neutron scattering: (i) a
high intensity scattering pattern is always obtained, even for
films of nanoscale thickness, because the X-ray beam path
length through the film plane is sufficiently long; (ii) there is no
unfavorable scattering from the substrate on which the film is
coated; and (iii) sample preparation is easy." In addition, GIXS
is a nondestructive technique, in contrast to transmission
electron microscopy, which is destructive. The successful
syntheses of multiarm star polymers and the emergence of
the powerful GIXS technique prompted us to investigate the
structural details of thin films of an asymmetric multiarm star

polymer.
In this study, we synthesized an asymmetric nine-arm star

polymer, (polystyrene);-(poly(4-methoxystyrene));-(polyiso-
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Figure 1. Synthetic route for the asymmetric nine-arm star polymer
PS;-PMOS;-PIL,.

prene); (PS;-PMOS;-PL;) and investigated the phase-separated
structures and orientation details of its thin films by using in
situ GIXS with a synchrotron radiation source. Quantitative

GIXS analysis was successfully performed for the first time, and
we found that in thin films the asymmetric nine-arm star
polymer molecules undergo phase separation favorably via
chloroform-annealing and, interestingly, form a well-defined
hexagonal (HEX) structure composed of truncated PS cylinders
and PMOS triangular prisms with a main director that is
preferentially oriented in the film plane. Furthermore, this HEX
structure was found to undergo a partial rotational trans-
formation process at temperatures above 190 °C, which results
in the formation of a 30°rotated HEX structure. These
interesting and complex self-assembled nanostructures are
discussed here in detail in terms of phase separation, arm
number, volume ratio, and confinement effects.

The nine-arm star polymer PS;-PMOS;-PI; was successfully
synthesized (Figure 1; see the synthesis section in the
Supporting Information) according to a previously reported
method.” The nine-arm star polymer was determined to have a
number-average molecular weight M, of 103000 and a

polydispersity index PDI of 1.04; for the PS arms, M, =

n
10200 and PDI = 1.02; for the PMOS arms, M, = 9970 and
PDI = 1.04; for the PI arms, M = 10700 and PDI = 1.02 (see
the Supporting Information). Synchrotron X-ray reflectivity
analysis found that in thin films the PS, PMOS, and PI
homopolymers (with M, values close to those of the
corresponding arms in the nine-arm star polymer) have
electron densities p, of 330 nm™>, 346 nm™>, and 287 nm™,
respectively (see Figure Sl in the Supporting Information).
From these data, the mass densities of the PS, PMOS, and PI
homopolymers were estimated to be 1.0S, 1.09, and 0.87 g/
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Figure 2. 2D GIXS patterns measured with various incidence angles @; at 25 °C for CHCl;-annealed thin films of the PS;-PMOS;-PI; star polymer
deposited on silicon substrates: (a) @; = 0.160°%; (b) 0.180°%; and (c) 0.200°. The letter R and the circles indicate the scattering spots generated by the
reflected X-ray beam, and the T and squares indicate the scattering spots generated by the transmitted X-ray beam; some scattering spots were
indexed with the results of data analysis. (d) The scattering image for @; = 0.160° reconstructed from the structural parameters of the HEX truncated
cylinder and triangular prism structure (Table 1) by using the GIXS formula. (e) Geometry of GIXS: o; and 26; are the out-of-plane and in-plane exit
angles of the out-going X-ray beam, respectively, and g,, g,, and g, are the components of the scattering vector q.
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Figure 3. (a) Structural models considered for the phase-separated nanostructures in the CHCl;-annealed PS;-PMOS;-PI, thin film: (I) simple HEX
cylinder structure; (II) HEX cylinder and triangle prism structure; (III) HEX triangle prism structure; (IV) HEX truncated cylinder structure; (V)
HEX truncated cylinder and triangle prism structure; (VI) HEX truncated triangle prism structure. The structural parameters of these models are
presented in Table 1. Out-of-plane scattering profiles were extracted along the a; direction at 26; = 0.286° from the 2D scattering pattern in Figure 2a
and fitted with the GIXS formulas derived for the structural models in (a); (b) I; (c) II; (d) II and the contributions of its structural components (I
and III); (e) IV; (f) V; (g) V and the contributions of its structural components (IV and VI). The open circles are the measured data points, and the
solid lines were obtained by fitting the data according to the GIXS formulas of the chosen structural models.

cm?, respectively; here the mass densities of the PS and PI
homopolymers are comparable to previously reported values.""
Furthermore, the volume fractions of the PS, PMOS, and PI
arm components in the nine-arm star polymer were estimated
to be 31.4, 29.4, and 39.2%, respectively.

Synchrotron GIXS measurements (Figure 2e) were con-
ducted on thin films (250—300 nm thick) of PS;-PMOS;-PL; to
obtain structural information. Figure 2a shows a representative
two-dimensional (2D) GIXS pattern for a nine-arm star
polymer film annealed under chloroform (CHCl;) vapor at
room temperature, which was obtained with a grazing incidence
angle o; of 0.160° at 25 °C. This scattering pattern contains a
number of sharp scattering spots over a wide range of scattering
angles. The identification of these scattering spot arrays is
somewhat complicated because they are generated by both the
transmitted and reflected X-ray beams and, furthermore,
partially overlap. These scattering spot arrays can be sorted
into scattering spots originating from the reflected X-ray beam
and those originating from the transmitted X-ray beam by
varying the incidence angle o, GIXS patterns were also
obtained at the grazing incidence angles, a; = 0.180 and 0.200°,
as shown in Figure 2b,c. By analyzing this series of GIXS
measurements, the scattering spots generated by the trans-
mitted and reflected X-ray beams were identified; the scattering
spots generated by the transmitted X-ray beam are marked by
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squares and the letter T, while those generated by the reflected
X-ray beam are marked by circles and the letter R. In Figure 2a,
spots (marked with squares) originating from the transmitted
X-ray beam are present at 0.18° 0.58° and 1.00° along the o
direction at 26; = 0.286° with relative scattering vector lengths
from the specular reflection position of 1, \/ 3, and 2,
respectively. Scattering spots (marked with circles) due to the
reflected X-ray beam are present at 0.35°, 0.77°, and 1.20°
along the oy direction at 20; = 0.286° with relative scattering
vector lengths from the specular reflection position of 1, \/ 3
and 2, respectively. These scattering spots show that phase-
separated microdomains with a hexagonal (HEX) cylinder
structure are present in the nine-arm star polymer film; the
cylinders lie in the film plane.

We attempted to quantitatively analyze the scattering data
with GIXS formulas derived for several HEX structure models
(see the derivation details in the Supporting Information) in
order to determine the structural details of the phase-separated
nine-arm star polymer films. First, we considered a simple HEX
cylinder structure model (Figure 3a-I). As shown in Figure 3b,
the out-of-plane scattering profile can be approximately fitted
with the GIXS formula derived for a simple HEX cylinder
structure model. The obtained structural parameters are listed
in Table 1. The cylinder phase has the following characteristics:
R = 6.9 nm (the mean cylinder radius), d,=27.6 nm (the mean
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Table 1. Structural Parameters of Thin Films of the Asymmetric Star Polymer PS;-PMOS;-PI;, as Obtained with GIXS

Measurements and Data Analysis

morphological structure

structural parameters at a given simple HEX cylinder

HEX cylinder and triangular

HEX truncated cylinder HEX truncated cylinder and

temperature structure prism structure structure triangular prism structure

T (°C) 25 25 25 25 145° 2055 30
R (nm) 69 6.9 7.1 7.1 72 7.3 7.3
oz? (nm) 0.6 0.7 0.6 0.6 0.9 0.9 0.9
2H(nm) 143 169 17.8 18.1 17.8
oy (nm) 1.0 13 1.3 13 1.3
26 (deg) 76.5 782 743 673 655
24" (nm) 4.1 4.1 4.1 4.1
g (nm) 276 276 276 276 291 296 291
4. (nm) 35.8 35.8 35.8 35.8 40.5 46.9 46.8
dz/d},i 1.29 1.29 1.29 1.29 1.49 1.68 1.60
g/ 0.050 0.050 0.050 0.050 0.100 0.110 0.110
gzi 0.050 0.050 0.050 0.050 0.100 0.110 0.110
g3i 0.050 0.050 0.050 0.050 0.100 0.110 0.110
¢Ak 1.00 1.00 1.00 1.00 1.00 0.77 0.77
7' (deg) 0.00 0.00 0.00 000 000 000  0.00
6, (deg) 1.80 1.80 1.80 180 489 595 549
0,4 0.999 0.999 0.999 0.999 0.989 0.984 0.986
&° 0.00 0.00 0.00 0.00 0.00 0.23 0.23
;7 (deg) 000 0.0
6,,7(deg) 7.81 6.71
O 0973 0.980

“Mean radius of the cylinder or truncated cylinder.

bStandard deviation of the radius R of the cylinder or truncated cylinder from R. “Mean

hypotenuse of the triangular prism. “Standard deviation of the hypotenuse 2H of the triangular prism from 2H. “Angle of the isosceles triangle of the
prism. JOne side length of truncated cyhnder, this side meets the truncated side of truncated triangle prism. #Mean interdistance of the cylinder array

along a direction parallel to the film plane.

"Mean interdistance of the cylinder artay along a direction normal to the film plane. ‘Ratio of d, and d,

JParacrystal distortion factor. “Volume fraction of the type-A hexagonal structure. ‘Mean polar angle between the orientation vector n of the type-A
HEX structure and the out-of-plane of the film. "*Standard deviation of the polar angle ¢, from @, in the orientation of the type-A HEX cylinder

structure. "Second order orientation factor of the type-A HEX structure. “Volume fraction of the type-B hexagonal structure. ’Mean polar angle
between the orientation vector n of the type-B HEX structure and the out-of-plane of the film. Standard deviation of the polar angle ¢y, from @ in

the orientation of the type-B HEX cylinder structure. "Second order orientation factor of the type-B HEX structure. *Heating run. “Cooling run.

interdistance of the cylinders along the film plane), and d, =
35.8 nm (the mean interdistance of the cylinders along the out-
of-plane of the film). The HEX cylinder structure has the
following characteristics: @, = 0° (the mean polar angle
between the orientation vector n of the HEX structure and the
out-of-plane direction of the film) with o,, = 1.8° (the standard

deviation) and O,, = 0.999 (the second order orientation
factor), which confirm that the HEX structure is oriented
preferentially in the film plane.

This simple HEX cylinder structure was assumed to consist
of only two phases, namely, the cylinder phase and the matrix.
However, the binary blends of the PS, PMOS, and PI
homopolymers were confirmed to be immiscible (see Figure
S2 for the differential scanning calorimetry (DSC) analysis
results). Thus, it seems likely that another phase-separated
structure will form in the cylinder phase or the matrix. For the
simple HEX cylinder structure, the cylinder phase was
estimated to have a volume fraction of 30.3%. This volume
fraction is very close to those (31.4 and 29.4%) of the PS and
PMOS arms in the nine-arm star polymer, but much lower than
that (39.2%) of the PI arms. These results suggest that the
cylinder phase is composed of one of the three kinds of star
arms and that the matrix consists of the other two kinds of
arms. Furthermore, due to the HEX cylinder structure
formation characteristics and the one-end connectivity of the
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arms, both of the two different arm phases separated in the
matrix should have an interface with the cylinder wall. To
satisfy such requirements, a HEX structure composed of
cylinders and triangular prisms (Figure 3a-1I; Figure 3a-LIII)
was tested in the scattering data analysis. The out-of-plane
scattering profile is satisfactorily fitted with the GIXS formula
derived for the combined HEX cylinder and triangular prism
structure model (Figure 3c). The contributions of the structural
components to the out-of-plane scattering profile are displayed
in Figure 3d. The determined structural parameters are listed in
Table 1. The triangular prisms have the characteristics 2H =
14.3 nm (the mean hypotenuse of the triangular prism) and 2/
= 76.5° (the angle of the triangular prism), in addition to the
structural parameters of the cylinders. Overall, the combined
HEX cylinder and triangular prism structure model fits the
scattering profile better than the simple HEX cylinder structure
model.

In the combined HEX cylinder and prism structure, the
matrix phase is in good contact with the cylinder phase as well
as with the triangular prism phase. However, the cylinders are
in line contact with the prisms. Such line contacts are
unrealistic. Therefore, the cylinder phase and the prism phase
are likely to share more interfacial area than is the case in line
contact. Taking this point into account, truncated cylinder HEX
structure models without and with truncated triangular prisms
were considered, as shown in Figure 3e-IV,V. The out-of-plane
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Figure 4. Representative 2D GIXS patterns of the CHCl;-annealed PS;-PMOS;-PI; thin films measured with @; = 0.160° during heating up to 220
°C and subsequent cooling: (a—h), measured during heating; (i, j), measured during cooling from 220 °C. Schematic representations of the phase-
separated nanostructures in the solvent-annealed star polymer film: (k) an in-plane oriented HEX truncated PS cylinder and PMOS triangular prism
structure (type-A), which is present in the range 25—190 °C; (1) a mixture of the type A HEX structure and its rotational isomer (the type-B HEX
structure, namely, the 30°-rotated HEX structure, which is a partially rotationally transformed type-A HEX structure) in the range 190—220 °C; (m)
a mixture of the type-A and -B HEX structures (here, the type-B structure was formed during the heating run) in the range 220—30 °C.

scattering profile is satisfactorily fitted with the GIXS formula
derived for the truncated cylinder HEX structure model (Figure
3f). This result is better than obtained with the simple HEX
cylinder models without and with triangular prisms, even
though truncated prisms (Figure 3-VI) were not included.
Further, the scattering profile was even more satisfactorily fitted
with the GIXS formula derived for the HEX truncated cylinder
and triangular prism structure model (Figure 3g); the
contributions of the structural components (i.e., the truncated
cylinders and prisms) to the out-of-plane scattering profile are
displayed in Figure 3h. Overall, the truncated cylinder and
triangular prism HEX structure model produces better fitting of
the scattering profile than the other HEX structure models. The
determined structural parameters are listed in Table 1.

The HEX truncated cylinder and triangular prism structure is
characterized by a highly preferential in-plane orientation (O,
=0.999, @, = 0° and 0, = 1.8°) and high positional stability
(ie, a very low positional distortion factor g: g, = g, = g3 =
0.050; Figure 3a-V and Table 1). The truncated (ie.
dodecagonal) cylinders were determined to have R = 7.1 nm
(radius), 2A = 4.1 nm (truncated side length), d, = 27.6 nm,
and d, = 35.8 nm. The truncated triangular prisms have the
following characteristics: 2H = 16.9 nm, 2 = 78.2°, and 2A =
4.1 nm. Interestingly, the d./d, value is 1.29, which is smaller
than that (\/ 3) of regular HEX cylinder structures. This result
shows that the HEX truncated cylinder and triangular prism
structure formed in the nine-arm star polymer film is distorted
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(i.e, slightly shortened) along the out-of-plane of the film and
is, thus, different from a regular HEX structure. This shortening
of d, might be due to geometrical confinement effects
associated with the air and substrate interface on the thin
film formation process. Moreover, for the determined HEX
structure, the truncated cylinders were found to have a volume
fraction of 31.0%, which is very close to that (31.4%) of the PS
arms in the nine-arm star polymer, and the truncated triangular
prisms have a volume fraction of 29.3%, which is very close to
that (29.4%) of the PMOS arms. Therefore, the truncated
cylinders can be assigned to the PS arm phase, and the
truncated triangular prisms can be assigned to the PMOS arm
phase. Lastly, the matrix can be assigned to the PI arm phase.
By using this determined structure, the scattering spots in the
measured scattering patterns were assigned, as shown in Figure
2a—c. Moreover, the determined structural parameters were
further used to reconstruct the 2D GIXS images. A
representative of the reconstructed scattering images is
displayed in Figure 2d, which is in good agreement with the
experimental X-ray scattering pattern. The GIXS analysis results
collectively show that the asymmetric PS, PMOS, and PI arms
in the PS;-PMOS;-PI; thin film undergo phase separation
favorably during the thin film formation process and
subsequent CHCl;-annealing, which results in the formation
of a well-defined HEX structure consisting of truncated PS
cylinders and PMOS triangular prisms in the PI matrix; this

dx.doi.org/10.1021/mz400363k | ACS Macro Lett. 2013, 2, 849-855
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complex nanostructure is highly ordered and oriented
preferentially in the film plane.

The nine-arm star polymer films were further investigated
during heating up to 220 °C and subsequent cooling by using
in situ GIXS analysis in order to characterize their structural
stability and to identify any possible phase transitions. During
the heating run, the scattering pattern varies very little in its
intensity and shape at temperatures up to 135 °C; above this
temperature, the scattering pattern significantly weakens in
intensity but does not disappear until 220 °C (Figures 4a—h).
The weakened scattering pattern at 220 °C was found to persist
during subsequent cooling to room temperature (Figures 4h—
j). Surprisingly, new scattering spots appear at 190 °C, in
addition to the scattering reflection peaks of the HEX truncated
cylinder and triangular prism structure (type-A) formed in the
star polymer film (see the spots marked with arrows in Figure
4e). These new peaks increase in intensity with increases in the
temperature (Figure 4e—h). The measured scattering patterns
were analyzed in detail by using the GIXS formula derived
above. The analysis results are summarized in Table 1.

The in situ GIXS analysis found that the scattering spots
appearing at 190 °C and higher temperatures are {01}
reflections originating from the 30°-rotated HEX structure
(type-B), which results from the partial transformation of the
type-A HEX structure (Figures 4ek—m and Figure S3). This
type-B HEX structure persists during subsequent cooling. The
type-B HEX structure is formed with a volume fraction ¢y of
23% during the heating and subsequent cooling runs. However,
the major portion of the type-A HEX structured phase is
retained during this heat treatment process. These results show
that the type-A HEX structure formed in the CHCl;-annealed
star polymer films is thermally stable up to near 190 °C (which
is much higher than the glass transition temperatures of the
asymmetric arm phases); of course, the structural parameters
were found to vary somewhat with temperature in certain
levels, which might be due to thermal expansion. However, the
type-A HEX structured phases undergo a partial rotational
transformation around 190 °C to the type-B HEX structure.
Interestingly, the formed rotational structural isomer does not
return to the original type-A HEX structure during the
subsequent cooling process.

In summary, in situ GIXS measurements and quantitative
data analysis were successfully carried out for the first time on
thin films of the interesting asymmetric star polymer PS;-
PMOS;-PI,. This nondestructive GIXS analysis was demon-
strated to be a very powerful tool for the characterization of the
complex self-assembly nanostructures of the asymmetric
multiarm star polymer thin films. This analysis provided
structural details of the thin films that are not easily obtained
with conventional techniques. The CHCl;-annealed films were
found to have a highly ordered, preferentially in-plane oriented
HEX structure consisting of truncated PS cylinders and
truncated PMOS triangular prisms in the PI matrix. This
complex three-phased HEX structure results from the phase
separations of the asymmetric arms under the extreme
conditions that their one-end was linked together and the
confinement in the thin film by the air and substrate interfaces.
The HEX structure is thermally stable up to near 190 °C. At
190 °C and higher temperatures (up to 220 °C), the HEX
structure undergoes a partial rotational transformation that
produces a 30°-rotated HEX structure. The thermally induced
rotational structural isomer forms in a volume fraction of 23%
and is preserved during the subsequent cooling run.
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