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ABSTRACT: The impact of 1- and 2-dimensional (2D) confinement on the
structure and dynamics of poly(styrene-b-1,4-isoprene) P(S-b-I) diblock
copolymer is investigated by a combination of Scanning Electron Microscopy
(SEM), Atomic Force Microscopy (AFM), Grazing-Incidence Small-Angle X-
ray Scattering (GISAXS), and Broadband Dielectric Spectroscopy (BDS). 1D
confinement is achieved by spin coating the P(S-b-I) to form nanometric thin
films on silicon substrates, while in the 2D confinement, the copolymer is
infiltrated into cylindrical anodized aluminum oxide (AAO) nanopores. After
dissolving the AAO matrix having mean pore diameter of 150 nm, the SEM
images of the exposed P(S-b-I) show straight nanorods. For the thin films, GISAXS and AFM reveal hexagonally packed cylinders
of PS in a PI matrix. Three dielectrically active relaxation modes assigned to the two segmental modes of the styrene and isoprene
blocks and the normal mode of the latter are studied selectively by BDS. The dynamic glass transition, related to the segmental
modes of the styrene and isoprene blocks, is independent of the dimensionality and the finite sizes (down to 18 nm) of
confinement, but the normal mode is influenced by both factors with 2D geometrical constraints exerting greater impact. This
reflects the considerable difference in the length scales on which the two kinds of fluctuations take place.
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1. INTRODUCTION
Structural self-assembly of block copolymers (BCPs) into
ordered domains with periodicity of about 5−100 nm provides
a direct means to achieve diverse nanostructures suitable for
many applications such as data storage media,1 biosensors,2

drug delivery,3,4 plasmonics,5 antireflection coating,6 nano-
photonics,7 infiltration membranes,8 optoelectronics,9 and
nanopatterning.4,10 In particular, the use of BCPs in nano-
lithography patterning is a boon to the electronic industry
where the optical lithography is facing a technological and
financial limit in scaling down critical dimensions of chip
features to sub-22 nm.11−13 Nanopatterning with BCPs offers a
facile and low cost alternative to possibly prepare high density
electronic nanoarrays with length scales down to ∼5 nm. To
realize this, long-range order of the self-assembled nano-
domains of BCPs is required. Electric field, solvent, and thermal
annealing are currently employed to align these nanostruc-
tures14−16 where the latter is most suitable for nanopatterning
of electronic devices.10 In this respect, the glass transition
temperature Tg of the respective blocks in BCPs when confined
in different dimensions is an important parameter. For instance,
specific Tg’s of the removable and the permanent blocks are
required in order to obtain the desired nanopatterns.10 The

prospect of preparing high performing, all polymer integrated
circuits17 also increases the demand of the knowledge of how
the Tg of these materials is altered at the nanoscale.
Additionally, the sharp dynamic thermal annealing recently
used to fabricate vertically oriented BCP thin films on an
industrial scale also relies on the Tg of the respective blocks.

18

Currently, there is paucity of data on the dynamic glass
transition of confined BCPs. The knowledge of the intrinsic
relaxation timescale of the copolymer chains would as well be a
relevant input in modeling the macroscopic ordering in BCPs.19

Broadband Dielectric Spectroscopy (BDS) is an ideal tool to
investigate the dynamic glass transition and also the chain or
normal mode relaxation in polymeric materials at the nanoscale.
In BCPs, the overall dynamics also depend on the
morphological changes as a consequence of nanoconfinement
which is unravelled by the Grazing Incidence Small-Angle X-ray
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Scattering (GISAXS) technique.20 Due to the confinement-
induced reduction in entropy, interfacial interactions, symmetry
breaking, and incommensurability between confining space and
intrinsic domain sizes, BCPs form new self-ordered morphol-
ogies that are not present in the bulk.9,13,21,22 In one-
dimensional (1D) confinement i.e., in thin films, the ensuing
morphologies are directed by the film thickness and the
interfacial interactions. Depending on the preferential surface
affinity of the individual blocks, parallel, perpendicular (with
respect to the substrate), or even completely new structures
have been achieved.23,24 For instance, the planar substrate
surface generally breaks the symmetry of the bulk cylindrical
domains of BCPs inevitably adjusting their morphologies.25−27

Because of the additional curvature effects, 2D confining
geometries (e.g., in nanopores) give rise to novel structures
compared to those in the bulk state.26−31

While a lot of experimental and theoretical efforts are geared
toward understanding confinement induced morphologies of
BCPs,32−37 it is equally vital to probe the effect of the
geometrical constraints on their molecular dynamics. From
both technological and fundamental view points, these effects
cannot be overemphasized. Molecular dynamics is therefore
more emphasized in this report. For about two decades
hitherto, the dynamic glass transition of confined homopol-
ymers has been actively researched,38−41 but similar studies on
BCPs are rare. Recently, BDS was employed to probe the glassy
and chain dynamics of poly(cis-1,4-isoprene) (PI) homopol-
ymer confined in 1D (thin films) and in 2D (nanopores of
anodic aluminum oxide AAO).42−44 It was found that the
timescale of the segmental dynamics is neither affected by the
finite size nor by the dimensionality of confinement, while the
chain dynamics (normal mode) is impacted by the molar mass,
geometry, and size of confining space. For BCPs containing
isoprene, most studies have focused on the effect of internal
confinement (in the form of microdomains) on the dynamics of
the isoprene blocks.45−50 As discussed above, external hard
geometrical constraints strongly influence the morphology of
confined BCPs. Under similar conditions, their molecular
dynamics is expected to deviate from that of the bulk state;
however, this has hardly been investigated. The recent study of
lamellae-forming poly(styrene-b-1,4-isoprene) (P(S-b-I)) con-
fined in nanometric thin films revealed, to the contrary, that the
timescale of segmental relaxation of the respective blocks is the
same as that of the corresponding bulk homopolymers.51

Whether these findings also hold for the asymmetric
(cylindrical) P(S-b-I) confined in 1D and in 2D geometries
remains to be proved.
As opposed to symmetric BCPs under 1D confinement,

restricting cylinder-forming BCPs into nanopores leads to
extreme morphological changes due to the interplay between
confinement and surface curvature.22,28,30 This is corroborated
by the fact that crystallization (which strongly depends on the
morphology) of BCPs confined in, for instance, AAO

nanopores, is partially suppressed.52 Most recently, Maiz et
al.53 studied dynamics of cylinder forming polystyrene-b-
poly(4-vinylpyridine) (P(S-b-4VP)) in bulk and confined in
AAO nanopores and found that the segmental dynamics of
P4VP confined in larger pore sizes (330 nm) is slower than that
of the bulk sample but becomes faster in smaller pore sizes (35
nm). Hard external confinement can therefore cause changes
on the molecular dynamics of BCPs that are not easily
envisaged.
In this report, Scanning Electron Microscopy (SEM), Atomic

Force Microscopy (AFM), and GISAXS are employed to study
the structure of asymmetric P(S-b-I) (isoprene volume fraction
f PI = 0.73) in AAO nanopores and thin films. Its molecular
dynamics when confined both in 1D and 2D geometrical
constraints is probed by BDS. SEM images show that P(S-b-I)
contained in AAO pores exist as nanorods. AFM and GISAXS
results reveal cylindrical structures which are oriented along the
plane normal to the substrate for thicker films but mainly lie on
the substrate plane for thinner films. The segmental modes of
the styrene and isoprene blocks remain bulk-like regardless of
the film thicknesses (dfilm = 250−30 nm) and pore sizes (dpore =
150−18 nm) utilized in this study. However, the normal mode
of the isoprene blocks is influenced by both finite sizes and
dimensionality of confinement.

2. EXPERIMENTAL SECTION
Materials. Poly(styrene-block-1,4-isoprene) P(S-b-I) diblock co-

polymer labeled SI-134 was purchased from Polymer Standards
Service GmbH, while polystyrene and poly(cis-1,4-isoprene) homo-
polymers labeled PI-55 and PS-58, respectively, are products of
Polymer Source, Inc. The molar masses (Mn and Mw), polydispersity
indices (Mw/Mn), PI volume fractions ( f PI) in P(S-b-I), and the
Flory−Huggins interaction parameter (χN) at 298 K are listed in
Table 1. f PI and χ were determined as described in ref 51. Silicon
wafers with low resistivity (<5 mΩcm) and surface roughness (<6 Å)
purchased from Microfab Service GmbH were used as substrates for
thin film preparation. They have a native oxide layer of about 2 nm.
Chloroform (99.9% purity), acetone (99.8% purity), and syringe filters
(PTFE membrane with 0.2 μm pore size) were purchased from Sigma-
Aldrich GmbH. The polymer materials and solvents were used as
received without further purification. Details of the thin film
preparation and the AFM measurement can be found in ref 51. The
prepared films were annealed at 423 K for 24 h in high vacuum (10−6

mbar) before BDS measurements were carried out. AAO membranes
with unidirectional nanopores used to confine P(S-b-I) into 2D
geometries were purchased from Synkera Technologies Inc., USA.
Their characteristic parameters such as the membrane thickness,
porosity, average pore diameter, and density are shown in Table 2.
Scanning Electron Micrographs (SEM) (as provided by the producer,
Synkera) for the membrane with a mean pore diameter of 55 nm are
shown in Figure S1 (Supporting Information).

Infiltration of P(S-b-I) into AAO Membranes. Infiltration was
done by solvent vapor swelling assisted wetting of AAO nanopores.55

A thick film in the order of 1−2 μm cast on a glass slide from a
solution (20 mg/mL) of P(S-b-I) in chloroform was annealed at 333 K
in the vacuum for 24 h. A pre-evacuated empty AAO membrane was

Table 1. Molecular Characteristics of the P(S-b-I) Diblock Copolymer and Its Corresponding Homopolymers (PS and PI) Used
in This Studya

sample MnPS (g/mol) MnPI (g/mol) Mn (total) Mw (total) Mw/Mn f PI χN at 298 K

SI-134 39800 94000 133800 139152 1.04 0.73 160.2
PI-55 52381 55000 1.05 1.0
PS-58 58317 58900 1.01 0.0

aThe volume fraction of isoprene blocks f PI and the Flory−Huggins interaction parameter (χ) were obtained as discussed in refs 51 and 54. Mw/Mn
is the polydispersity index, and N is the degree of polymerization.
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weighed and then placed on top of the P(S-b-I) film in argon
atmosphere. Evacuation was done by annealing the empty AAO
membrane at 573 K in vacuum for 24 h. The sandwich of the P(S-b-I)
film between a glass slide and an AAO membrane was then placed
onto a Teflon spacer with the AAO membrane at the bottom as shown
in Figure 1 (a). This sample setup was again annealed at 333 K in the
vacuum for 6 h before the solvent (chloroform) was directly injected
into the bottom of the Teflon spacer at 300 K (see Figure 1 (a)). The
grooves on the bottom edge of the Teflon facilitate uniform
distribution of the solvent. According to this setup, the solvent
vapor enters the pores and swells/dissolves the polymer film directly
above causing it to infiltrate into the pores as shown by the magnified
scheme in Figure 1 (b). After 24 h, the sample setup was annealed at

373 K in a vacuum (10−3 mbar) for 1 h before the second injection of
the solvent was done. This was repeated three times to improve the
filling fraction. Excess material on the surface of the membrane was
removed by wiping with a tissue soaked in chloroform. Samples were
finally annealed at 423 K in vacuum (10−6 mbar) for 24 h and weighed
thereafter. The surfaces of the empty and filled membranes are shown
in Figure 1 in which (c,d) are the AFM images of the empty and filled
membranes, respectively. The AFM scan of the filled membrane was
taken on the bottom side surface that was not initially in contact with
the P(S-b-I) film. As seen in Figure 1 (d), the P(S-b-I) infiltrated into
the entire thickness of the AAO membranes. However, not all of the
pores were completely filled (see the bottom left of Figure 1 d)
probably due to difference in the internal surface texture. The filling
fractions determined gravimetrically are shown in Table 2.

Scanning Electron Microscopy (SEM). FEI Nanolab 200 Dual
Beam Microscope was used to record the SEM images of P(S-b-I)
infiltrated into AAO nanopores. The infiltration was done as described
above. After performing BDS measurement (detailed in the latter
section), the same sample was used for SEM measurement. It was
prepared as follows: The AAO template (with mean pore size of 150
nm) containing P(S-b-I) was dissolved completely in 5 wt % NaOH
solution on a parafilm surface. The sample was then thoroughly rinsed
with distilled water for several times before depositing it on a brass
metal plate. It was finally coated with a thin gold layer of about 10 nm
prior to conducting the SEM measurement. The resulting image

Table 2. Characteristics of the Porous AAO Membranes
Used in This Study

parameters AAO-I AAO-II AAO-III

membrane diameter (mm) 13.0 ± 0.2 13.0 ± 0.2 13.0 ± 0.2
membrane thickness (μm) 51 ± 1 48 ± 2 50 ± 2
pore diameter (nm) 150 ± 10 55 ± 6 18 ± 3
porosity (%) 32 11 10
pore density (cm−2) 2 × 109 2 × 109 5 × 1010

filling fraction (%) 50 67 87

Figure 1. (a) A schematic representation of the setup used to infiltrate P(S-b-I) into the AAO membranes. The sample arrangement consisting of
(from top to bottom) a glass-slide, P(S-b-I) film (about 1−2 μm), AAO membrane, and Teflon spacer (with grooves as shown) is placed in a
custom-made vacuum annealing chamber. (b) A magnified scheme of this arrangement without the Teflon spacer. The sample is heated in a fused
silica tube by an oven equipped with a temperature controller. Importantly, access into the vacuum (without breaking it) is gained via the natural
rubber membrane using a sharp stainless needle. c) and d) shows the AFM height images (scan size 500 × 500 nm2) of the empty and filled AAO
templates (mean pore diameter = 150 nm) respectively.
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shown in Figure 2 magnified at 400× was recorded by an Everhart-
Thornley Detector (ETD) at a working distance of 5.2 mm. The
applied voltage was 5.0 kV.

Grazing-Incidence Small-Angle X-ray Scattering (GISAXS).
Scattering experiments were done at beamline D1 at the Cornell High
Energy Synchrotron Source (CHESS) at Cornell University in Ithaca,
NY, U.S.A. The wavelength λ was 1.16 Å with a beam size of 500 μm
× 100 μm (horizontal × vertical). Scattered intensity was detected by a
CCD camera having a pixel size of 46.9 μm × 46.9 μm and being
placed 1.83 m from the sample resulting in a nominal q-resolution of
1.384 × 10−4 Å/pixel. q denotes the momentum transfer. The q space
calibration was performed by fitting a circle to the first-order Debye−
Scherrer ring of silver behenate. The conversion of the 2D images
from pixels to q values as well as the construction of intensity profiles
were carried out using the FIT2D program.56 The in-plane and the
normal components of the scattering vector are denoted by q∥ = (qx

2 +
qy
2)1/2 and qz, respectively. For small incidence and scattering angles,
the coordinates of the 2D detector correspond to qy (≈ q∥) and to qz.
The direct beam which is too intense for the detector was blocked by a
blade. Similarly, the very strong specularly reflected beam that appears
at an exit angle αf equal to incident angle αi was blocked by a rodlike
beamstop. The extended wings of this peak around qy = 0 can still be
observed on either side of the beamstop. BCP having volume fraction
of one of the blocks in the range of 0.7−0.8 mainly form hexagonally
packed cylinders whose primary and higher order Bragg peaks appear
at ratios of 1:√3:√4:√7.33 Out-of-plane diffuse Bragg reflections
(DBRs) are observed in GISAXS images with qy values that are
quantized by the characteristic spacing (a0) of the lattice planes
oriented along the plane normal to the substrate given by

π= *a
q
2

y
0

(1)

where qy* is the position of the first-order out-of-plane DBRs. For
layered cylinders lying along the substrate plane, the DBRs appear
along both qy and qz. Considering the DBRs along qy, the distance of
the centers of hexagonally packed cylinders is given by58,59

=
⎛
⎝⎜

⎞
⎠⎟D a

2
3 0

(2)

From simple geometrical consideration and assuming hexagonal
parking, the diameter of the cylinders can be obtained from46

π
=

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟d

f D
2

3

2cyl
PS

2 1/2

(3)

where f PS is the volume fraction of the styrene blocks. The radius of
gyration (Rg) was estimated from the following equation:60

χ=D R N2.7 ( )g
1/6

(4)

Broadband Dielectric Spectroscopy (BDS). Dielectric measure-
ments in the frequency (10−1−107 Hz) and temperature (200−450 K)
ranges were performed using a Novocontrol high-resolution alpha
analyzer under pure nitrogen atmosphere. The sample temperatures
were controlled in a nitrogen jet using a Quatro controller with
stability better than 0.1 K. The sample setup for the thin film spin
coated onto ultraflat silicon wafers was arranged with novel
nanostructured counter electrodes.61 An appropriate height of the
nanostructures was chosen for each measurement in order to keep the
upper surface of the polymer film free. For measurement of P(S-b-I)
contained in AAO membranes, the sample was sandwiched between
platinum electrodes after a thin Al foil (∼800 nm) was placed on both
sides of the membranes to improve the contacts. In all cases,
superposition of the empirical Havriliak−Negami (HN) function
including a conductivity term (eq 5) was used to fit the isothermal
dielectric loss data62

∑ω
ωτ

σ
ω

ϵ″ = ϵ +
Δϵ

+
+

ϵα β∞ i
( )

[1 ( ) ]j

j

jHN

0

0
j j (5)

where ϵ∞ denotes the high frequency limit of the dielectric
permittivity, Δϵ is the dielectric relaxation strength, α and β are the
shape parameters, and j is the index over which the relaxation
processes are summed, σ0 is the dc-conductivity, ϵ0 is the permittivity
in free space, and ω is the angular frequency (ω = 2πf) of the external
applied electric field. The relaxation at maximum loss, τmax, used to
generate activation plots is related to the characteristic time constant
τHN by63

τ τ παβ
β

πα
β

=
+ +

α α−⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
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2 2
sin
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1/ 1/

(6)

The non-Arrhenius temperature dependence of τmax is approximated
by the Vogel−Fulcher−Tammann (VFT) equation

τ τ=
−∞

⎛
⎝⎜

⎞
⎠⎟

B
T T

expmax
0 (7)

where τ∞ is the high temperature limit of the relaxation time, B is the
apparent activation energy, and T0 is the “ideal” glass transition
temperature or the Vogel temperature. The isochronal dielectric loss
data was fitted by a temperature dependent (ϵ″(T)) function (eq 8)
obtained by replacing τHN in eq 5 with eq 7 assuming that Δϵ, α, and β
are temperature invariant.

∑
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j
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j
B
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j

j
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0 (8)

The relaxation times (τmax) of P(S-b-I) confined in thin films were
obtained by fitting eq 5 to the data, but the dielectric loss of the sample
infiltrated into AAO nanopores, except the segmental mode of PI
blocks in 150 nm pores, was very weak, hence τmax in this case was
obtained from the isochronal data. In the frequency representation, the
measured dielectric response of the polymer film in our set up includes
some spurious conductivity due to the resistance of the silicon
electrodes which causes an increase in the dielectric loss in the low and
high frequency flanks, respectively. These artificial contributions were
included in the fitting procedure and then subtracted to get the net
dielectric loss of the sample (Figure S3). Similarly, for the sample in
AAO nanopores, the contribution of the AAO matrix was subtracted
from the measured data before fitting (Figures S4 and S5).

Figure 2. SEM micrograph of P(S-b-I) nanorods after removing AAO
template which had an average pore diameter of 150 nm. Scale bar: 2
μm.
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3. RESULTS AND DISCUSSION

The Ordered State Morphology. The morphology of
P(S-b-I) contained in the AAO matrix having mean pore sizes
of 150 nm as revealed by SEM (Figure 2) shows exposed
copolymer nanorods after dissolution of the confining matrix. It
is therefore evident that the P(S-b-I) confined in this matrix
formed straight nanorods as opposed to nanotubes. Such type
of nanorods have also been observed by Xiang et al.26 The SEM
image of the nanorod of P(S-b-I) infiltrated in AAO with an
average pore diameter of 18 nm appears to be twisted (or have
helical shape) (Figure S2). However, the SEM images do not
reveal the microphase separation, hence further investigation
using Transmission Electron Microscopy (TEM) and Small
Angle X-ray Scattering is required and can be reported
separately.
The morphology of P(S-b-I) confined in thin films was

investigated by AFM and GISAXS. The AFM images of the
sample with dfilm = 57 nm dried in high vacuum (10−6 mbar) at
room temperature reveal cylindrical structures that are oriented
along the substrate plane (Figure 3 a,b). After annealing this
sample at 423 K, standing cylinders are observed (Figure 3 c,d).
Upon decreasing the film thickness to 30 nm, the cylinders
became oriented mainly along the substrate plane (Figure 3
e,f). In order to elucidate the details of the inner film structures
as a function of film thickness, we performed GISAXS
experiments on samples with film thicknesses of 500, 150,
and 57 nm prepared under similar conditions and hence
identical to the ones used in the AFM measurements. The
GISAXS images taken at two incident angles, namely αi = 0.14°
and αi = 0.08°, are shown in Figure 4. The former which is
between the critical angles of total external reflection of P(S-b-
I) (αcp = 0.11°) and that of the Si substrate (αcs = 0.16°) allows
the X-rays to penetrate the entire film thickness, hence enabling
detection of the inner film structures while the latter probes the
region near the film surface because αi < αcp. The intensity in all
images mostly extends along the qy-axis. For images taken at a
shallow angle of αi = 0.08°, the intensity is low indicating that
the film is homogeneous in a near-surface layer. A zoomed
image of Figure 4 (e) shown in Figure 4 (g) points to the
possible existence of out-of-plane DBRs at higher qy values in
addition to the first-order out-of-plane DBRs at qy ≃ 0.1 nm−1

as indicated by the vertical arrows. This arrangement is akin to
that of standing cylinders observed by Cavicchi et al.35

To gain more insight, we performed integration of the
images in Figure 4 (a-f) along qy and qz resulting in the intensity
profiles plotted in the semilogarithmic scale in Figure 5. The qy
values of the first-order peaks (Figure 5a) appear at around
0.137, 0.099, and 0.101 nm−1 corresponding to a0 (as given by
eq 1) of 45.8, 63.4, and 62.2 nm for film thicknesses of 500,
150, and 57 nm, respectively.

Figure 3. Tapping mode AFM images (scan size 500 × 500 nm2) of P(S-b-I) films dried in an oil-free high vacuum (10−6 mbar) at room
temperature for 24 h. The phase (a,c e) and height (b,d,f) images of the sample with film thickness 57 nm dried at room temperature (a,b), the same
sample annealed at 423 K (c, d) and the sample having thickness of 30 nm annealed at 423 K.

Figure 4. 2D GISAXS images for the samples having film thicknesses
of 500 nm (a, b), 150 nm (c, d), and 57 nm (e, f, and g). (a, c, e, and
g) represent images taken at αi = 0.14° while (b, d, and f) were taken
at αi = 0.08°. Except (g), all the images have the same qy and qz scales
as shown in (f). (g) is an enlargement of a section in (e) within the qy
and qz ranges depicted in the axis. The arrows in (g) indicate the DBRs
of P(S-b-I), while the very high intensity region is due to the specularly
reflected beam. The narrow vertical rectangles are the shadows of the
rod-like beam stop. The white rectangular boxes with dotted lines in
(a) are the representative regions of integration used to obtain the
intensity profiles along qy and qz, and arrows indicate the position of
the Yoneda band. The intensity scale is shown on the right of (b) and
(d).
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The value of a0 for the thickest film (500 nm) is in the same
range as that of the cylinder-forming P(S-b-I) bulk sample
which is about 43 nm.57 This film (dfilm = 500 nm) does not
show higher order Bragg peaks (Figure 5a) implying short-
range ordering, but weak second-order peaks are observed for
thinner films (150 and 57 nm). Just for clarity, we plot Iq2

against qy values for dfilm = 57 nm (upper curve in Figure 5a).
This reveals well resolved first- and second-order peaks
corresponding to a ratio of 1:√3 typical for hexagonally
packed standing cylinders. Intensity profiles from surface
sensitive GISAXS images (Figure 5c) also show weak peaks
along qy. These peaks (the first-order peaks in Figure 5a) were
used to determine the cylinder−cylinder distance (D) in the
film plane based on eq 2. The diameters of the cylinders (dcyl)
were obtained from eq 3. The results are listed in Table 3.
Considering the sample having a film thickness of 57 nm, the
dcyl values shown in Table 3 is in good agreement with dcyl =
40.1 nm obtained from AFM (Figure 3c). The intensity

oscillations along qz (Figure 5b,d) are probably due to the
interference of the X-ray beam at the film−air and film−
substrate interfaces. These become more pronounced with
decreasing dfilm and αi.

64,65

By combining the AFM and GISAXS results, we can
conclude that samples of P(S-b-I) ( f PI = 0.73) spin-cast on
silicon wafers with native oxide layer and annealed at 423 K in
high vacuum (10−6 mbar) feature standing cylinders when the
film thickness is approximately above 50 nm. Reducing the
films thickness to ∼30 nm results in mainly lying cylinders, as
seen in the AFM image of Figure 3 (e,f).

Dynamics. Molecular dynamics was studied by BDS which
probes the relaxation of the dipolar entities in a sample. Since
the Tg of PS ≃ 378 K and that of PI ≃ 200 K, their respective
segmental relaxations in diblock copolymer P(S-b-I) are widely
separated in temperature, hence assigned unambiguously. This
process is related to the dynamic glass transition and is
universally detected in polymer melts. In polyisoprene, an
additional process (chain dynamics) detected at lower
frequencies (higher temperatures (T)) than the segmental
dynamics is due to the end-to-end vector fluctuations of the
dipole moment along the chain contour. The dielectric loss as a
function of frequency of the two processes from the isoprene
blocks in P(S-b-I) confined in thin films is depicted in Figure 6.

It shows that the maximum position of the segmental mode is
not shifted with respect to film thickness. However, this varies
for the normal mode (chain) relaxation which becomes more
apparent in the temperature dependence of τmax (discussed
later) obtained from HN fits as shown in Figure 6. Figure 7
shows the representative isothermal and isochronal dielectric
loss data of isoprene blocks in P(S-b-I) constraint in AAO
nanopores having a mean pore diameter of 150 nm. This

Figure 5. Intensity profiles along qy and qz of the 2D GISAXS images
(a-f) shown in Figure 4 (a) and (b) represent profiles obtained from
images taken at αi = 0.14°, while (c) and (d) are from images taken at
αi = 0.08°. Only positive qy values obtained from integration of the
region shown in the 2D GISAXS images given in Figure 4. (a) In (a-
d), the curves from bottom to top represent data from film thicknesses
of 500, 150, and 57 as shown in (c). The upper curve in (a) is a plot of
Iq2 versus qy, and the vertical dotted lines indicate positions of the
primary and second-order Bragg peaks corresponding to the hexagonal
packing of cylinders. The peaks marked S in (b) and (d) are due to the
specularly reflected beam. The curves are shifted vertically for
graphical reasons.

Table 3. Film Thickness (dfilm), Cylinder−Cylinder Distance
(D), the Diameters of the Cylinders (dcyl), and Radius of
Gyration (Rg) in the P(S-b-I) Diblock Copolymera

dfilm (nm) D (nm) Dfilm/D0
b dcyl (nm) Rg (nm)

bulk 49.7b 27.1 7.9
500 52.9 10.0 28.8 8.4
150 75.4 3.0 41.1 12.0
57 72.3 1.1 39.4 11.5

aThe thin films values were obtained from GISAXS data for
measurement done at αi = 0.14. bD0 = 49.7 nm is the cylinder−
cylinder distance in the bulk determined from eq 2 with a0 = 43 nm
obtained from ref 57.

Figure 6. Isothermal dielectric loss (ϵnet″ ) spectra for the sample with
film thicknesses of 250, 150, 57, and 30 nm. (a) Segmental mode
relaxation of the isoprene blocks. (b) Normal mode relaxation of the
isoprene blocks at different temperatures and thickness as indicated.
The solid lines in parts (a) and (b) represent the fits of eq 5.
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exemplifies the fitting of the data by both eqs 5 and 8. The
normalized dielectric loss of these two processes for the bulk PI
homopolymer and the P(S-b-I) confined in different film
thicknesses and in AAO nanopores with average pore sizes of
150 nm is depicted in Figure 8 (a,b). The data for the chain

modes (Figure 8b) is shifted horizontally by a factor aT but not
the segmental mode (Figure 8a). The spectra (ϵ″) in Figure 8 is
appreciably broadened compared to that of the bulk PI
especially on the lower frequency side. This is known to exhibit
a power low dependence of the form;63 ϵ″(ω) ∝ ωα where α is
the HN shape parameter in eq 5. At lower temperatures, α for
confined samples is systematically less than that of bulk PI
(Figure 8c) confirming the observation in Figure 8(a). The
global chain dynamics, in the bulk PI homopolymer, exhibits a

true end-to-end dipole vector fluctuation (α = 1), but in the
confined P(S-b-I), α = 0.25−0.5 implying that slower chain
modes dominate since this represents broadening on the low
frequency flank of the dielectric loss peak. However, this should
not be construed to mean that the chain dynamics in confined
P(S-b-I) is slower than that of bulk PI. It simply means that the
relaxation time distribution is skewed to the longer times. This
is caused by the highly cooperative motion of the isoprene
chains due to impenetrable styrene walls. A similar finding for
the case of isoprene chains confined in spherical domains of
star and triblock copolymers46,49 was attributed to the osmotic
constraints (thermodynamic confinement) which arise from
motion of the chains to ensure homogeneous density within the
domains. Noting that broadening of segmental mode did not
show up in the thin films of PI homopolymers,42 we hereby
ascribe the low frequency broadening (Figure 8a) to the
osmotic constraints. The implication is that this effect takes
place down to the length scale of the structural relaxation but is
weak at this level to cause a shift in the mean relaxation rate of
the segmental mode. The chain dynamics of isoprene blocks in
confined P(S-b-I) is due to the fluctuation of free terminal
subchains which can easily be affected by topological
constraints and their interactions with the substrate and the
domain interfaces. This explains the greater difference between
the data for bulk PI and confined isoprene blocks in P(S-b-I)
shown in Figure 8 (b,d). Due to a larger surface area in AAO
nanopores, the chain−substrate interaction increases causing
adsorption of some chains on the pore walls hence leading to
increased broadening of ϵ″(ω).
For further comparison of the effect of dimensionality of

confinement, we show in Figure 9, the isochronal dielectric loss

of P(S-b-I) confined in 1D and in 2D geometries with dfilm ≈
dpore. The data is normalized with respect to ϵmax″ of the
segmental mode of the isoprene blocks. In this representation,
all the three dielectrically active modes in P(S-b-I) are observed.
The peaks of the segmental modes of isoprene (lower T) and
styrene blocks (higher T) are separated by the isoprene chain
modes. The segmental mode of the styrene blocks for the film
thickness of 30 nm and pore sizes of 55 and 18 nm is masked
by the strong conductivity contribution. Both the segmental
and the chain modes are greatly broadened for the sample in
AAO nanopores with dpore = 18 nm compared to the one

Figure 7. (a) Isothermal dielectric loss (ϵ″) of the segmental mode
relaxation of the isoprene blocks confined into AAO having a mean
pore diameter of 150 nm at different temperatures as indicated. (b)
Corresponding plot of the isochronal representation at selected
frequencies showing the segmental (low T) and normal (high T)
relaxation of the isoprene blocks. The solid lines in (a) and (b) are fits
according to eqs 5 and 8, respectively.

Figure 8. Comparison of the dielectric loss data normalized with
respect to the maximum loss value of the segmental (a) and normal
modes (b) at 218 and 308 K, respectively. The symbols for the bulk
and the sample confined in thin films of different thickness and in
AAO pores of 150 nm are shown in the legend of (a). The normal
mode spectra shown in (b) are horizontally shifted by a factor aT so as
to coincide at the maximum of the bulk homopolymer. The HN shape
parameter α obtained from eq 5 for the segmental and normal modes
are shown in (c) and (d), respectively.

Figure 9. Comparison of the isochronal dielectric loss spectra of the
P(S-b-I) sample in thin films (squares) and in AAO nanopores
(circles) obtained at 966 Hz. The data is normalized with respect to
the maximum loss value of the segmental mode of the isoprene blocks.
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confined in thin films with dfilm = 30 nm which is ascribed to
increased adsorption effect. This effect of chain adsorption
causing broadening of ϵ″(ω) with respect to AAO pore sizes
for the case of unentangled PI homopolymer is discussed in
detail by Alexandris et al.43 Similar studies of chain dynamics of
PI confined in controlled porous glasses (CPG) with a mean
pore diameter of 10.2 nm shows a pronounced broadening that
increases with the increase in the end-to-end distance of the
chains.66

Due to weak dielectric loss of P(S-b-I) confined in AAO
especially in smaller pores, and the nontrivial sample geometry
in thin films, analysis of dielectric strengths would be prone to
large uncertainties, and hence we mainly discuss the dynamics.
An activation plot (Figure 10) gives a summary of the effect of

1D and 2D geometrical constraints on the overall molecular
dynamics of P(S-b-I). The relaxation rates obtained from the
fits of eqs 5 and 8 to the isothermal ϵ″(ω) and isochronal
ϵ″(T) data, respectively, are plotted as a function of inverse
temperature. It is observed that all the data from different film
thicknesses and pore sizes for the segmental/structural
relaxation of either styrene (higher T) or isoprene blocks
(lower T) collapse to a single curve regardless of the
dimensionality and the finite-sizes of confining geometries
utilized in this study. This data follows the VFT type of thermal
activation. The lines in Figure 10 represent the fit of the data by
the VFT eq 7.
Phenomenologically, Tg is defined as the temperature at

which τ = 100 s. The Tg obtained from this definition for the
styrene and isoprene blocks coincides, within experimental
accuracy, with that of bulk homopolymers determined
calorimetrically. Confinement of asymmetric P(S-b-I) in 1D
(dfilm = 250−30 nm) and in 2D (dpore = 150−18 nm) has no
impact on the Tg of the respective blocks. This is consistent

with the finding that the glass transition takes place at the
length scale of about 0.5−1 nm.61,67

However, the chain dynamics of isoprene blocks under 1D
and 2D confinement is faster than that of the bulk PI (Figure
10). It is even faster when confined in 2D constraints compared
to 1D, and it increases with decreasing dpore. Nonetheless, the
relaxation rate of this mode changes nonmonotonically in 1D
confinement where it decreases with dfilm up to ∼57 nm below
which (dfilm = 30 nm) it becomes faster than in dfilm = 250 nm
by about 1 order of magnitude. This corresponds to a change in
the degree of confinement (expressed by the ratio: dfilm/D0

b,
shown in Table 3) of about 50%. Since this is the fluctuation of
the free chains, it is likely to be affected by the confinement
induced morphological changes in P(S-b-I) e.g. radius of
gyration, intercylinder distance (listed in Table 3), their
orientations, and interaction with the substrate. Therefore,
besides confinement, interface effects are paramount. The
confinement-induced configurational changes of P(S-b-I)
restricted in AAO nanopores can be quantified by the ratio,
dpore/D0

b where D0
b is the cylinder spacing in the bulk sample.

Using this relationship, we obtained the ratios 3.0, 1.1, and 0.4
for pore sizes of 150, 55, and 18 nm, respectively. This
corresponds to concentric (150 nm) and helical structures (55
and 18 nm) of P(S-b-I) located in AAO as predicted by
simulations30 and also evident in Figure S2. These conforma-
tional changes can cause deviations in the chain dynamics with
respect to bulk, but another important parameter is the chain
adsorption which can effectively reduce the end-to-end distance
of the free terminal subchains resulting to faster relaxation. The
packing of helical structures in smaller pores would also allow
for more free volume leading to faster chain dynamics compared
to concentric cylinders in larger pores.
In thin films, the packing density of the chains can be

quantified by the radius of gyration obtained from eq 4. As
shown in Table 3, Rg increases by ∼40% with the reduction in
dfilm from 500−57 nm implying that the chains are more
stretched in thinner films hence increasing their interaction
with the substrate. These interactions can change appreciably if
the orientation of the cylinders with respect to substrate
change, for instance from standing to lying position. According
to Pickett’s Model68 for equilibrium orientation of symmetric
diblock copolymers, higher density of free-chains at the
substrate interface increases the fraction of lamellae that are
oriented along the substrate plane. Similar scenario is expected
to prevail for cylinder forming BCPs.69 Consequently, the
adsorption of part of these chains (isoprene blocks, in this case)
on the substrate reduces the end-to-end vector leading to faster
normal mode fluctuations.42,70 This explains the observation
that the chain dynamics in thinner films ∼30 nm exhibiting lying
cylinders (Figure 3 e,f) is faster by about 1 order of magnitude.

4. CONCLUSIONS
The morphology of asymmetric P(S-b-I) BCP, f PI = 0.73
confined in AAO templates and in thin films have been
investigated by a combination of SEM, AFM, and GISAXS. The
morphology in larger pores (150 nm) consists of continuous
nanorods as revealed by SEM. For the thin films, the results
from AFM and GISAXS show that the sample forms
hexagonally packed cylinders which are predominantly oriented
along the plane normal to the substrate for thicker films (500−
57 nm) but changes to mainly parallel to the substrate plane
when the thickness decreases to 30 nm. Molecular dynamics
under 1D (thin films) and 2D (nanopores) geometrical

Figure 10. Activation plot of the relaxation rates corresponding to the
segmental mode of the isoprene blocks (filled symbols), normal mode
of the isoprene blocks (open symbols), and segmental mode of the
styrene blocks (half-filled symbols) for the sample in the bulk state,
and when confined in thin films and in AAO nanopores with film
thickness and pore sizes as indicated in the legend. Bulk PI and PS-
homopolymers with Mw = 55000 (PI-55) and 58900 (PS-58) gram/
mol, respectively, are included for comparison (squares). The bulk Tg
values of PI and PS determined by DSC at a scanning rate of 10 K/
min are also shown. The solid lines are VFT fits to the experimental
data (eq 7). The fit parameters τ∞ = 2.4 × 10−10 s, B = 243 K, and T0
= 355 K for the styrene block, while they are 3.9 × 10−13 s, 516, and
170 K, respectively, for the isoprene block.
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constraints has been studied by BDS. The segmental relaxation
of isoprene and styrene blocks and the chain dynamics due to
fluctuation of the end-to-end vector in isoprene blocks are
observed. The segmental mode of both blocks which is related
to the dynamic glass transition is neither affected by the finite-
sizes nor the dimensionality of confinement. Their Tgs
therefore remain bulk-like and identical to that of the
corresponding homopolymers. However, the chain dynamics
of the isoprene blocks is affected by both the size and
dimensionality of confinement. This is attributed to the
osmotic constraints and the interaction of the chains with the
substrate which also causes broadening of the relaxation
processes.
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