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ABSTRACT: Microdomain structures and phase transitions of binary and ternary mixtures of polystyrene-
polyisoprene-polystyrene (PS-PI-PS) triblock copolymer Vector 4111 (containing 18% PS) and the
corresponding homopolymers were investigated in thin films by atomic force microscopy and in bulk by
small-angle X-ray scattering. The neat copolymer shows a hexagonally packed cylinder structure. The
addition of PI homopolymer caused a transition from the cylindrical to a spherical microdomain structure
via a biphasic intermediate state with coexisting cylindrical and spherical domains for both thin films
and bulk. In contrast, addition of a small amount (14 wt %) of minority-component PS homopolymer in
a mixture leads to a significant increase of the cylindrical microdomain curvature in thin films. The
influence of the added homopolymer PS on the structure of bulk samples is discussed. Addition of equal
amounts of both components together does not change the cylindrical structure for bulk or thin film
samples but results in an aligned cylindrical microdomain structure observed for thin films. Interdomain
distances decreased upon addition of small or moderate amounts (7-38 wt %) of either or both
homopolymer.

1. Introduction

It is now firmly established that the addition of a
homopolymer to a block copolymer may cause changes
in microdomain structure in the block copolymer.1 In
such blends there is an interplay between macrophase
separation of the homopolymers and microphase sepa-
ration of the block copolymer. Which effect predominates
depends on the relative lengths of the polymers and on
the composition of the blend. The key parameters
controlling the microdomain morphology in blends of
block copolymers consisting of A and B domains and a
homopolymer A (HA) or/and B (HB) are rA ) NHA/NA
and rB ) NHB/NB, where NA and NB are the degrees of
polymerization of A and B block chains, respectively,
and NHA and NHB are the degrees of polymerization of
HA and HB, respectively.2 Three extremes of the pos-
sible mixing states after phase separation are possible:
(1) wet brush regime when rA , 1, rB , 1; (2) dry brush
regime when rA ≈ 1, rB ≈ 1; and (3) macrophase
separation when rA . 1, rB . 1. These three regimes
have different features and phase behavior. In the wet
brush regime low molecular weight homopolymer tends
to be selectively and uniformly solubilized into the
corresponding block copolymer microdomain, swelling
the block chains, and potentially causing changes in the
initial microdomain morphology. In the dry brush
regime added homopolymer tends still to be solubilized
selectively into the corresponding microdomains but at
the same time tends to localize in the middle of it and
does not significantly swell the corresponding block
chains. As a result, the addition of homopolymer in the
dry brush regime does not substantially affect the initial
morphology of the neat block copolymer although it may
increase the interdomain spacing.2

Numerous studies have appeared on the phase be-
havior and phase transitions of block copolymer-
homopolymer mixtures in all regimes. Most thin film
studies have focused on symmetric diblock copolymers
having lamellar microdomains.3-6 The distribution of
homopolymers and changes in lattice spacing have been
quantitatively described. The behavior in thin film and
in bulk of mixtures of an asymmetric diblock copolymer
with a homopolymer has been studied as well.7,8 An
atomic force microscopy investigation of thin films of
an asymmetric diblock copolymer7 concentrated on
changes in the domain spacing rather than phase
transitions. Many studies on triblock copolymers have
been concerned with the bulk behavior of almost sym-
metric copolymers having a lamellar morphology blended
with midblock associating homopolymer.9-11 Lamellar
swelling induced by homopolymer has been character-
ized. Temperature-dependent bulk phase transitions
have been investigated in binary blends consisting of
the highly asymmetric triblock copolymer (Vector 4111)
and the end block associating homopolymer polysty-
rene.12 Recently we investigated the thin film morphol-
ogy of blends of an asymmetric triblock copolymer with
the corresponding homopolymers.13 It is well-known
that the phase behavior of the same block copolymers
can differ dramatically in thin films and in bulk.6,14 Here
we extend our investigation to compare directly the
behavior of the same copolymer/homopolymer blends in
thin films and in bulk. Extremely low molecular weight
homopolymers were chosen to ensure the uniform and
selective solubilization of homopolymers in microdomain
spaces of the corresponding blocks.

In this study, ordered structures and phase transi-
tions of asymmetric block copolymer having cylindrical
microdomains were investigated upon addition of ho-
mopolymers (midblock associating as well as end block
associating and both together) in the wet brush regime
for both thin films and bulk.
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2. Experimental Section
A commercially available polystyrene-polyisoprene-poly-

styrene (PS-PI-PS) block copolymer Vector 4111 (Dexco
Polymers Co.) was used. Vector 4111 contains >99% triblock
and 18 wt % (15.6 vol %) PS and has a number-average
molecular weight (Mn) of 128 000 g mol-1 and a polydispersity
(Mw/Mn) of 1.11. Low molecular weight polystyrene (PS) (Alfa
Aesar) having Mw ) 1300 and Mw/Mn ) 1.06 and low molecular
weight polyisoprene (PI) (Polymer Source) having Mw ) 1280
and Mw/Mn ) 1.11 were used in the blends. All the polymers
and chemicals were used without further purification.

Samples were prepared by first dissolving a predetermined
amount of PS-PI-PS and PS and/or PI in toluene (2 wt % in
solution) in the presence of 0.1 wt % of antioxidant (2,6-di-
tert-butyl-p-cresol, Fluka). Then thin film samples for AFM
investigations were spin-coated from the solution onto silicon
wafers at 2000 or 6000 rpm. Film thicknesses were measured
by a phase-modulated spectroscopic ellipsometer (Beaglehole
Instruments). Samples were annealed in a vacuum oven at
130 °C and then quick quenched to room temperature. From
our preliminary investigations we found that 3 h annealing
time provided the best quality of thin block copolymer films
produced and gave repeatable morphology so all samples in
this study were annealed for 3 h.

We used the same solutions for preparation of bulk and thin
film samples. Table 1 gives a summary of sample codes and
composition used. It is well-known15 that in thin films the
polymer-air interface will be covered by a thin layer of the
lower surface energy polymer (PI in our case) so the actual
volume fraction of PI in microdomains in the interior of the
film might be slightly lower for thin films. It should be noted
here that all investigated samples were transparent in ap-
pearance without any turbidity: this indicates the absence of
macrophase separation for the investigated range of composi-
tions.

Bulk samples for small-angle X-ray scattering (SAXS)
experiments were prepared by slowly evaporating the solvent
at room temperature. The drying of the samples was continued
until there was no further change in weight, and then the
specimens were annealed in a vacuum oven for 3 h at 130 °C
and stored in a refrigerator before experiments.

Tapping mode AFM (Nanoscope III, Digital Instrument) was
used to image thin film samples spin-coated onto Si wafers.
The AFM was operated under ambient conditions with com-
mercial silicon microcantilever probe tips. Manufacturer’s
values for the probe tip radius and force constant are better
than 10 nm and in the range 31-71 N/m, respectively.
Topographic and phase images were obtained simultaneously
using a resonance frequency of approximately 165 kHz for the
probe oscillation; however, only the phase images are pre-
sented as they had more contrast. AFM characterization was
performed immediately after annealing.

Small-angle X-ray scattering (SAXS) experiments were
performed at the Synchrotron Radiation Source, Daresbury
Lab, UK, on station 16.1 with a small-angle camera length
5.5 m and wavelength of X-ray radiation λ ) 1.41 Å. A 2D
area detector (RAPID) was used to record SAXS patterns. Wet
rat-tail collagen was used to calibrate the small-angle camera.
A pseudo-Voigt function has been used in fitting to determine
q values (q ) 4π sin θ/λ, where 2θ is the scattering angle) of
observed Bragg peaks.

To check the order-disorder transition (ODT) temperature
TODT, some samples were placed in TA Instruments differential
scanning calorimeter (DSC) pans, modified for transmission
of X-rays by the insertion of mica windows. The pan was
heated and cooled in a Linkam DSC of single-pan design.
Heating ramps were performed in the temperature interval
100-220 °C at a rate of 4 °C/min.

3. Results and Discussions

To obtain well-defined microphase-separated ordered
structures upon annealing of a block copolymer, the
annealing temperature should be lower than TODT of the
block copolymer (or lattice disordering/ordering transi-
tion (LDOT) temperature TLDOT in the terminology
proposed by Han et al.16 for highly asymmetric block
copolymers) but above the glass transition temperature
Tg of glassy block. It is established (at least for PS) that
the glass transition temperature decreases as the thick-
ness of the film is reduced.17 However, the relationship
between TODT in bulk systems and in thin films is rather
complicated and still remains open to question. For
example, surface-induced order was found far above the
bulk order-disorder transition temperature18 for a
symmetric dPS-PMMA [PMMA ) poly(methyl meth-
acrylate)] copolymer and the temperature T∞, at which
the film was still fully ordered, increased with decreas-
ing film thickness, and remained above TODT for the
whole range of thicknesses of a symmetric PS-dPMMA
block copolymer.19 On the other hand, for a monolayer
of spheres formed by an asymmetric PS-P2VP [P2VP
) poly(2-vinylpyridine)] diblock copolymer, the hexatic-
to-isotropic liquid transition temperature of the 2D block
copolymer film was significantly lower than the 3D block
copolymer TODT.20 Taking into account possible ambi-
guities in results concerning TODT for thin films, we will
refer below to TODT values for bulk samples only.

We choose an annealing temperature of 130 °C, which
lies between Tg (polystyrene) ∼ 100 °C21 and TODT
(Vector 4111). Vector 4111 undergoes an ODT at tem-
peratures between 210 °C (onset) and 214 °C (comple-
tion).22 Several experimental studies reported that the
addition of low molecular weight homopolymers to block
copolymers decreases the temperature of the order-
disoder transition TODT;12,23 thus, we selected the an-
nealing temperature far below TODT of neat Vector 4111.
Although the detailed investigation of the TODT of block
copolymer/homopolymer blends is out of the scope of this
paper, we performed SAXS measurements upon heating
of the bulk blends up to 220 °C to check TODT for the
blends used in our study. For all blends investigated,
except 49/51-PS, the TODT was above 130 °C.

3.1. Neat Block Copolymer. The bulk morphology
of Vector 4111 is characterized by a set of Bragg peaks
corresponding to a hexagonal (hex) structure (Figure 1,
Table 2). This indicates that the PS component of the
copolymer forms cylinders surrounded by a PI ma-
trix.12,22 A representative AFM image of a thin film of
neat Vector 4111 shows a “fingerprint” structure formed
by parallel domains (Figure 2). Although AFM images
represent only the surface of the film and provide no

Table 1. Sample Code and Characteristics for the Block
Copolymer Blends Investigated

components (wt %)

label
Vector
4111 homoPS homoPI

total vol
fraction,

PSa

total vol
fraction,

PIa

Vector 4111 100 0 0 0.16 0.84
86/14-PS 86 14 0 0.27 0.73
73/27-PS 73 27 0 0.37 0.63
62/38-PS 62 38 0 0.46 0.54
49/51-PS 49 51 0 0.56 0.44
93/07-PI 93 0 7 0.15 0.85
86/14-PI 86 0 14 0.14 0.86
73/27-PI 73 0 27 0.12 0.88
62/38-PI 62 0 38 0.10 0.90
93/07-PS/PI 93 3.5 3.5 0.18 0.82
86/14-PS/PI 86 7 7 0.20 0.80
73/27-PS/PI 73 13.5 13.5 0.24 0.76
62/38-PS/PI 62 19 19 0.27 0.73

a Volume fraction was estimated using the densities 1.05 and
0.91 g/cm3 for PS and PI, respectively.21
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information on the internal morphology, we assume that
the morphology in the interior of thin films is identical
to that in bulk and therefore that PS cylinders are
present in a PI matrix. Additionally, ozone etching was
used to slowly remove PI and thus to profile the thin
film internal structure.24 The results showed the exist-
ence of consecutive layers of PS cylinders lying parallel
to the substrate.

It should be noted here that thin film samples spin-
coated at rotation speeds varying from 2000 to 6000 rpm

were used to investigate the influence of the film
thickness on the results. It is well-known that sym-
metric and asymmetric block copolymers form islands
or holes on the free surface of a thin film after annealing
when the initial spun-cast film thickness does not match
that of a particular number of layers.6,25,26 Surprisingly,
when annealed on bare silicon wafers Vector 4111 block
copolymer did not produce typical terracing of islands
and holes as might be expected, considering the wide
range of thicknesses obtained (80-130 nm). Similar
results were obtained for a commercially available PS-
PB-PS (PB ) polybutadiene) triblock copolymer.27 A
proposed explanation is that the strong interaction of
the silicon substrate covered by native silicon oxide with
polydiene carbon-carbon double bonds pins the polymer
chains, inhibiting the diffusion necessary to produce
terracing.27 The surfaces of asymmetric PEP-PEE block
copolymers were also found to be topologically smooth
for a wide range of thickness leading, in general, to a
distortion of the thin film lattice.28 In our study, AFM
revealed no major differences in structure formation for
films with different thickness for all combination of
added homopolymers although slightly different curva-
tures of the cylindrical domains were observed for the

Figure 1. SAXS profiles as a function of wt % of Vector 4111
in bulk mixtures with PI homopolymer. The SAXS profiles
were shifted vertically to avoid overlap.

Table 2. d Spacings (Å) and Indexing of Bragg Peaks Recorded for Block Copolymer Vector 4111 and its Blends (Amount
of Vector 4111 in wt % is Presented at the Top of Each Column); Lattice Parameters Calculated for Observed Phases

(ahex, Å and/or abcc, Å) Using the Position of the First Peak or the Whole Spectrum are Given at the Bottom of the Table

indexing

hex bcc Vector 4111 + PI Vector 4111 + PS Vector 4111 + PI + PS

hkl q/q* hkl q/q* Vector 4111 93 86 73 62 86 73 62 49 93 86 73 62

010 x1 301 295 290 295 304 330 376 301 298 296 308
011 x2/x2 275 270 272 272
002 x4/x2 196 191

110 x3 172 171 169 171 170
112 x6/x2 154

020 x4 150 144 148 148 147
013 x10/x2 119

120 x7 111 109 112 110 109
222 x12/x2 107
123 x14/x2 101

030 x9 98 97 100 99 98
lattice ahex 1st peak 348 341 335 341 348 344 342 356
parameter spectrum 340(1) 335(1) 341(2) 337(2)

abcc 1st peak 389 382 385 385
spectrum 375(1)

Figure 2. AFM image (phase contrast) of the neat Vector
4111 sample (2 µm scale).
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pure triblock films. All AFM images presented are for
thicker films (obtained by spin-coating at 2000 rpm).
The bright and dark areas in the image correspond to
PS cylinders and PI matrix, respectively, as PS has a
higher modulus than PI.

3.2. Microdomain Structures and Phase Transi-
tions in Vector 4111/PI Blends. At least two ordered
phases are recognizable in SAXS patterns obtained for
Vector 4111 + PI blends (Figure 1). Even a small
amount of the homopolymer in the sample (7 wt %)
leads to the appearance of extra peaks coexisting with
those for the hexagonal structure of neat Vector 4111.
The extra peaks become more intense as the amount of
added PI homopolymer increases (14 wt %), and all of
them can be indexed to a body-centered-cubic (bcc)
structure (Figure 1, Table 2). It has to be noted that
the presence of a Bragg peak at a relative position q/q*
) x7 (where q* is the position of the first-order peak)
enables the observed diffraction pattern to be distin-
guished from that of a primitive cubic cell. Thus, SAXS
measurements reveal that the presence of PI homopoly-
mer in the blend causes a transformation of hexagonally
packed cylindrical PS microdomains into spherical ones
packed in a body-centered-cubic lattice.

The explanation of the increase in the interfacial
curvature of PS domains that accompanies this transi-
tion is as follows.2 To retain normal liquid-state densi-
ties on addition of PI homopolymer while maintaining
constant curvature, the PI block must stretch and/or the
PS block contract. However, an alternative is for the
interface to curve, and this is usually favored because
it involves less conformational entropy loss.

A further increase of PI concentration in the blend
(27 and 38 wt %) leads to a smearing of the Bragg peaks,
indicating the formation of a poorly ordered structure
within the blend. The observed SAXS patterns contain
features of both structure factor and form factor. There
are three broad peaks. The peak with the lowest q value
located at the position of the cubic 011 reflection and
the other two peaks located respectively within regions
of two groups of cubic reflections 002, 112 and 013, 222,
123 indicate that a motif of cubic packed PS micro-
domains formed at a lower concentration of PI ho-
mopolymer still remains in the structure. However, this
is only local order and the peak at the highest q value
could also be related to the first order of a form factor
of spheres. Considering the volume fractions of do-
mains,29 the estimated radius of PS spheres (Rs) is equal

Figure 3. AFM image (phase contrast) of the Vector 4111/PI mixture: (a) 7 wt % PI homopolymer added (5 µm scale); (b) (enlarged
portion of (a)) 7 wt % PI homopolymer added (1.84 µm scale); (c) 14 wt % PI homopolymer added (2 µm scale); (d) 27 wt % PI
homopolymer added (2 µm scale).
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to 92.5 and 87.5 Å for 27 and 38 wt % of PI, respectively.
Thus, from the position of the first maximum in the
Bessel function J3/2 that defines the form factor of
uniform spheres at qRs ) 5.76530 the position of the first
maximum in the SAXS pattern is expected at q ) 5.765/
92.5 Å ) 0.062 Å-1 and q ) 5.765/87.5 Å ) 0.066 Å-1

for 27 and 38 wt % of PI, respectively. These values are
quite close to the position of the third maximum
observed in the SAXS patterns (Figure 1).

AFM investigations for thin film samples reveal a
morphological transition from cylinders (Figure 2) to
spheres (Figure 3d) on increasing the total volume
fraction of PI from 0.84 to g0.88, as for bulk samples.
As AFM can probe only the top layer of the films, the
observed hexagonally packed dots for the blend contain-
ing 27 wt % PI (Figure 3d) could equally be interpreted
as spheres or as ends of cylinders perpendicular to the

substrate in the absence of information on order per-
pendicular to the substrate. The clear evidence for a
cubic structure for bulk samples enables us to assume
that the hexagonally packed dots observed in the thin
film are spheres and not cylinder ends.

In thin films a biphasic intermediate state with
coexisting cylindrical and spherical domains was ob-
served (Figure 3a,b) for blends with an intermediate
amount of PI homopolymer (7 wt %), in agreement with
SAXS data. The main features of this structure are (i)
the appearance of a “patchwork quilt” effect (Figure 3a)
consisting of grains containing cylinders aligned (mostly)
in parallel stripes but with sharp grain boundaries that
can have large tilt angles and (ii) the apparent nucle-
ation of spheres at grain boundaries in an epitaxial
relationship to cylinders.31

Figure 4. Transition from cylinders to spheres in bulk (a). Cross section A represents a structure observed by AFM at the
surface of a thin film (b). Cross section B shows a hexagonally packed structure (c). The dashed quadrangles show orientation of
the cross-section planes.
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A mechanism for the epitaxial transition in films (or
endotaxial transition in a body) between hexagonally
packed cylinders and bcc packed spheres has previously
been proposed,32 and a schematic three-dimensional
representation of these two structures is illustrated in
Figure 4a for convenience. The cross section in plane A
(Figure 4b) corresponds to a structure which is visible
by AFM on the surface of the thin film (Figure 3b). One
can see nearly hexagonally packed spheres epitaxially
formed from cylinders. The cross section in plane B
represents a different projection showing a hexagonal
configuration (Figure 4c).

As for the bulk sample, the film with a PI volume
fraction of 0.86 appears to be at a boundary point
between the biphasic intermediate state and the sphere
morphology (Figures 3c and 1). Upon further addition
of PI homopolymer thin films and bulk show different
behavior. Although large PI homopolymer concentration
in bulk caused a poorly ordered state, thin films showed
well-ordered structures up to the maximum PI ho-
mopolymer concentration used. Such a discrepancy in
the behavior in thin film compared to bulk could be
explained taking into account a confinement effect for
thin films. It was found that the constraints imposed
by the finite film thickness led to surface-induced
ordering in thin films of both symmetric18,19 and asym-
metric33 block copolymers. Surface fields (propagating
from both air and substrate interface) effect could be
so strong that the surface-induced effect persists even
above the bulk order-disorder transition.19

3.3. Microdomain Structures and Phase Transi-
tions in Vector 4111/PS Blends. A moderate concen-
tration of PS homopolymer (14 wt %) in a blend with
Vector 4111 does not change the hexagonal packing of
PS microdomains observed for pure copolymer (Figure
5). However, at higher concentration of PS homopolymer
(27 wt %) a bulk sample demonstrates different SAXS
patterns (Figure 5). There are four peaks which might
be identified as a hexagonal structure (q:q* ) x1:x4:
x7:x9, Table 2), but the absence of a peak at q/q* )
x3 makes this interpretation problematic. Similar
scattering intensity profiles have recently been observed
during the order-order transition between hexagonal
and gyroid phases of diblock copolymer/homopolymer
blends34 and were ascribed to an intermediate structure.
We will follow this point of view. A lamellar structure
is expected at higher PS concentration in the blend,12

and the observed patterns of four peaks may point to a
hexagonal-lamellar phase transition which proceeds
via an intermediate structure. Further increase of PS
homopolymer in the blend leads to formation of a
disordered structure, which is clearly indicated by the
absence of high-order diffraction maxima in the SAXS
patterns. Similar Vector 4111/PS blends have been
investigated recently by Vaidya et al.12 They found from
TEM that at room temperature 86/14 and 73/27 blends
have a hexagonally packed cylindrical microdomain
structure and 62/38 whereas 49/51 blends have lamellar
microdomain structure. Our results agree clearly for the
86/14 blend that forms hexagonally packed cylinders.
For a 62/38 blend we observed clear lamellar ordering
only at high temperature.

As one can see in Figure 6a for the 86/14-PS thin film
sample, the addition of a small amount of minority-
component PS homopolymer (14 wt %) results in a
morphology that still comprises PS cylinders but also
shows some significant features not visible for neat

Vector 4111. It can be characterized by the integration
of former cylinders into a PS network (brighter areas)
and a significant increase in the curvature of the
remaining PS cylinders.

A rather complicated surface morphology appears in
thin films upon addition of 27 wt % PS (Figure 6b). It
could be characterized as a majority of bright connected
PS domains with a small amount of disordered dark
areas corresponding to the PI component. Following the
SAXS results, this structure can be characterized as a
transient state from the cylindrical to the lamellar
morphology. It should be noted here that further addi-
tion of PS homopolymer (62/38-PS and 49/51-PS) does
not change significantly the morphology of thin film
samples. The AFM images (not reproduced here) were
similar to Figure 6b, i.e., showing an irregular structure
with a majority of connected PS domains. Another
possible explanation of this structure could be proposed
taking into account that for 49/51-PS TODT is equal to
105 °C.12 Then annealing at 130 °C will produce “mi-
celles without long-range order”, and upon quenching
to room temperature this morphology is trapped. In the
AFM image, the dark disordered spots then represent
frozen PI micelles in the PS matrix.

3.4. Microdomain Structures and Phase Transi-
tions in Vector 4111/(PS + PI) Blends. Addition of
a moderate amount of both homopolymers together (50:
50 proportion) in a blend with Vector 4111 does not
change the structure from that of the pure copolymer.
Five peaks corresponding to a hexagonal structure are
evident in SAXS patterns for blends containing 7 and
14 wt % of the homopolymers (Figure 7). A higher

Figure 5. SAXS profiles as a function of wt % of Vector 4111
in bulk mixtures with PS homopolymer. The SAXS profiles
were shifted vertically to avoid overlap.
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concentration of the homopolymers in the blends leads
to the formation of a disordered structure indicated by
smeared diffraction features. There are three broad
peaks. The first one characterized by the lowest q value
could be relevant to the first-order 010 peak of the
hexagonal structure. The second one could be a product
of a superposition of broadened 110 and 020 peaks. The
third peak could be either a product of broadened 120
and 030 peaks or a result of a form factor of infinite
cylinders. Considering the volume fraction of domains,29

the estimated radius of PS cylinders (Rc) is equal to 85.9
and 92.7 Å for 27 and 38 wt % PI/PS, respectively. The
first subsidiary maximum in the form factor of infinite
cylinders is at qRc ) 4.98.30 Therefore, the position of
the first maximum in the SAXS pattern has to be
expected at q ) 4.98/85.7 Å ) 0.058 Å-1 and q ) 4.98/
92.7 Å ) 0.054 Å-1 for 27 and 38 wt % PI/PS, respec-
tively. The estimated q values are close to the position
of the third maximum observed in the SAXS patterns,
especially for the blend containing 27 wt % PI/PS
(Figure 7).

Addition of equal amounts of both homopolymers
together leaves a cylindrical microdomain structure for
thin film samples (Figure 8a,b) as for bulk (Figure 7).
Clearly, we can expect that in the wet brush regime, as

long as we do not exceed the critical PS concentration
for the cylinder-lamellar phase transition, the cylindri-
cal morphology will be conserved, and our results for
bulk and thin film samples confirmed this.

An interesting observation for thin film samples was
the alignment of cylindrical domain upon addition of the
50:50 mixture of homopolymers. The observed increase
in alignment of the cylinders may be due to a reduction
in pinning of defects in the stripe pattern27 on the
substrate due to preferential segregation of PI to the
substrate or alternatively due to “plasticization” by low
molecular weight polymer “diluent” leading to a reduced
viscosity and easier local alignment upon annealing.

3.5. Interdomain Distance. The interdomain spac-
ing (in-plane order) was estimated for film samples by
Fourier transformation of AFM images (Table 3). One
can see that for all blends the interdomain distance
decreases with the addition of homopolymer. The effect
of domain contraction upon addition of low molecular
weight homopolymers was observed in bulk for lamellar
phase triblock copolymer/homopolymer blends upon
addition of low molecular weight midblock associated
homopolymer35 and for both lamellar36 and cylindrical8

diblock copolymer/homopolymers blends. The effect was
also explained theoretically.37 A low molecular weight
homopolymer has a higher entropy of mixing in the
corresponding block copolymer domain than a high
molecular weight homopolymer. Low molecular weight
homopolymer can penetrate throughout the block co-
polymer domain, causing an increase in interfacial area,
producing a greater contraction in the opposite domain.

Figure 6. AFM image (phase contrast) of the Vector 4111/
PS mixture: (a) 14 wt % PS homopolymer added; (b) 27 wt %
PS homopolymer added (2 µm scale).

Figure 7. SAXS profiles as a function of wt % of Vector 4111
in bulk mixtures with PI and PS homopolymers. The SAXS
profiles were shifted vertically to avoid overlap.
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This in turn causes the overall period to decrease.37 Our
observation confirmed the existence of a similar effect
in thin films.

We performed additional measurements of thin film
thickness for all blends (produced at the same spin
speed) by ellipsometry and noticed a significant decrease
in film thickness (down to 70% of the initial neat block
copolymer film thickness) upon addition of homopolymer
for all blend films. We discussed earlier the connection
between thin film thickness and thin film morphology.
Our thin systems do not show any terracing effect, so
presumably to match the particular thickness after spin-
coating the thin film structure experiences some distor-
tion. Although the film thickness decrease is clear and
could be explained by domain contraction, further

measurements are needed to probe changes in both in-
plane and out-of-plane order.

The good agreement between the radius of cylindrical
and spherical domains estimated from SAXS experi-
ments and that calculated from the known volume
fraction, assuming uniform selective solubility (sections
3.2-3.3) confirmed that the PI and PS homopolymers
are all solubilized within the corresponding block mi-
crodomain.

4. Conclusions

The addition of majority-component PI homopolymer
to Vector 4111 caused a transition from a cylindrical to
a spherical microdomain structure in bulk and in thin
films. The intermediate state with biphasic coexistence
between the cylindrical and the spherical phase showed
that for thin films (i) formation of spheres starts from
the boundary regions between clusters of cylinders and
(ii) these two phases have a structural relationship and
that spheres form epitaxially, following the direction of
former cylinders. A detailed mechanism for this was
presented.

The addition of a small concentration of minority-
component PS homopolymer leads to an intermediate
structure, a possible precursor to a lamellar phase.
There are similarities between the scattering pattern
for the 27 wt % PS blend and that previously observed
close to the hexagonal-to-gyroid phase transition.34

Addition of a 50:50 blend of PI and PS homopolymers
does not change the cylindrical morphology in bulk or
in thin films and leads to enhanced alignment of
cylinders parallel to the surface for thin films. This
intriguing (and reproducible) phenomenon may by due
to segregation of PI to the substrate forming an ad-
ditional “wetting layer” or may be caused by “plasticiza-
tion” of the PS by low molecular weight homopolymer.

Addition of low molecular weight homopolymers
either separately or both together to an asymmetric
triblock copolymer caused contraction of the domain
spacing for thin films. No terrace formation was ob-
served, pointing to uniform changes in film thickness
(and consequent lateral contraction).
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