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Addition of styrene (S)/4-hydroxystyrene (HS) block, blocky gradient, or blocky random copolymer to 80/
20 wt% polystyrene (PS)/polycaprolactone (PCL) blends is examined as a compatibilization strategy. Four
copolymers are synthesized by controlled radical polymerization, each with an S block and the other
block being a HS block or S/HS random or gradient copolymer. Compatibilization depends on copolymer
level and HS sequence distribution and content. Using a two-step solution-mixing/melt-mixing process,
addition of 2 wt% and 5 wt% nearly symmetric S/HS diblock copolymer leads to compatibilization with
average PCL domain diameters of 390–490 nm and 90–110 nm, respectively. In contrast, adding 0.25–
0.75 wt% copolymer leads to microscale dispersed-phase domains and only reduced melt-state coars-
ening. Results with 2–5 wt% added copolymer indicate that a major reduction in interfacial tension is
facilitated by hydrogen bonding of HS units and PCL carbonyl groups. Nanoscale confinement of normally
semi-crystalline PCL within blends with 100 nm dispersed phases impedes PCL crystallizability, yielding
liquid-state PCL domains at room temperature and demonstrating that properties of nanostructured
blends and microstructured blends can differ greatly. Polystyrene/PCL blends are also made by one-step
melt mixing with low mol% HS copolymers. Adding 5 wt% blocky gradient S/HS copolymer (86/14 mol%
S/HS) leads to compatibilization with an average dispersed-phase diameter of 360–420 nm. In contrast,
adding 5 wt% blocky random (87/13 mol% S/HS) or 5 wt% diblock (81/19 mol% S/HS) copolymer yields
microscale dispersed-phase domains and only reduced coarsening. Crystallization in these blends is less
hindered than in blends containing 2–5 wt% nearly symmetric S/HS diblock copolymer, indicating that
both hydrogen bonding and confinement suppress PCL crystallization.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Production of polymer blends is an attractive, economical way
to obtain tunable, synergistic material properties using currently
available materials. In order to obtain desired properties from
immiscible polymer blends, it is often necessary to produce a dis-
persed phase with an average domain diameter under a certain size
typically less than a few microns [1–4]. Substantial interest has
recently been focused on the production of immiscible blends in
which the dispersed-phase domain size or the length scales asso-
ciated with co-continuous blends approach or are at the nanoscale
[5–12]. Stabilization of nanoscale or sub-micron domain sizes
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against coarsening during melt processing, which is the scientific
criterion for compatibilization [13], is an important challenge in the
processing of polymer blends.

Achieving compatibilized, nanoscale, immiscible blends by melt
mixing is problematic because of the dependence of the dispersed-
phase size on a variety of factors [14–17]: the ratio of the deforming
viscous stress (the product of matrix viscosity and shear rate in the
case of simple shear flow) to the resisting interfacial stress (the
ratio of interfacial tension to droplet radius); the ratio of dispersed-
phase viscosity to matrix viscosity; interfacial mobility, viscoelastic
effects, and volume fraction of the dispersed phase, all of which
affect the likelihood of coalescence; and the shear rates and ex-
tensional flow effects present in melt mixing. As a result, the
minimum average dispersed-domain size achieved during normal
melt mixing of immiscible blends is often w1 mm in optimal cases
(and rarely significantly below w500 nm in the absence of reactive
compatibilization at long mixing times [18]) and substantially
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higher in blends with a large mismatch in component viscosities.
Thus, the production of dispersed-phase domain sizes in immisci-
ble blends at or near the nanoscale is challenging.

Many blend compatibilization strategies have been studied [3].
Among these include reactive compatibilization in which interfacial
block copolymer is produced from interpolymer condensation-type
reactions during melt processing [19–21] or interpolymer radical
reactions during solid-state shear pulverization [22,23]. Other
strategies involve adding block copolymers [13,14,24–27], tapered
block copolymers [28–30], graft copolymers [31,32], or gradient
copolymers [12,33–36] to the blend to serve as compatibilizers.
Besides improving interfacial adhesion, such copolymers can re-
duce interfacial tension and yield steric effects that stabilize the
dispersed phase against coalescence [11–14,17–43].

Here we investigate the production of compatibilized, immis-
cible blends with dispersed-phase domains at or near the nano-
scale. We employ as interfacial compatibilizers various types of
styrene/4-hydroxystyrene (S/HS; also known as styrene/4-vinyl-
phenol) block copolymers, each consisting of a block of polystyrene
(PS) and the other block of pure HS polymer or S/HS copolymer.
These compatibilizers are added at low levels (�5 wt%) during melt
mixing of 80/20 wt% PS/polycaprolactone (PCL) blends. Styrene/
4-hydroxystyrene copolymers can be produced by hydrolysis of
styrene/4-acetoxystyrene (S/AS) copolymers made by controlled
radical polymerization (CRP) [34,44–46], with CRP being a simple
synthesis approach [47–50] that makes S/HS copolymers amenable
to scientific study and application. The hydroxyl groups in the HS
units can hydrogen bond with carbonyl groups within the PCL [51–
58]. Specifically, Kuo and Chang have demonstrated miscibility
between PCL and S/HS copolymers using FTIR spectroscopy [58].

Our recent study [34] found that addition of S/HS gradient co-
polymer was more effective for compatibilizing 80/20 wt% PS/PCL
blends than random copolymers of similar molecular weight and
composition. When the HS content of the gradient copolymer was
increased from 41 mol% to 75 mol%, the impact of the copolymer on
interfacial tension was strongly reduced (i.e., PCL domain size in
blends without copolymer was nearly identical to those in blends
containing 5 wt% of 25/75 mol% S/HS gradient copolymer). With
the higher HS content, the copolymer can be ‘pulled’ into the PCL
phase due to the increase of hydrogen-bonding (H-bonding) units,
leading to an uneven interfacial coverage and the inability of the
copolymer to strongly alter the interfacial tension. The study
described here examines the compatibilization efficiency of S/HS
copolymers with dramatically different copolymer architecture
than in our previous study. The copolymers employed here contain
relatively long S blocks. In three of four cases, the copolymers have
HS contents less than 20 mol%. Two of the four copolymers are S/HS
diblock copolymers, one is a ‘blocky’ gradient copolymer consisting
of an S block and a second block which is an S/HS gradient co-
polymer, and another is a ‘blocky’ random copolymer consisting of
one S block and a second block which is an S/HS random copolymer.
(Examples of studies in which blocky gradient and blocky random
copolymers have been made by controlled radical polymerization
include Refs. [44,49,50].) These major differences in copolymer
structure significantly affect the efficacy of compatibilization.

Our investigation differs from the heavily studied approach of
inducing blend miscibility by introducing H-bonding moieties into
one of the polymers constituting an immiscible blend in its un-
modified state [58–64]. (For reviews of H-bonding in blends, see
Refs. [51,52,59].) Instead, our approach is influenced by compati-
bilization studies [34,42,65,66] that have added S/HS copolymers
capable of H-bonding with a polymer in the immiscible blends. For
example, Zhao et al. [65] observed reduced domain sizes in solu-
tion-cast PS/poly(ethyl oxazoline) blends upon addition of small
levels of a 50/50 wt% S/HS block copolymer, albeit leading to dis-
persed-phase domain sizes near 10 mm or larger. Edgecombe et al.
[42] also compared the compatibilizing abilities of various S/HS
copolymers (random, graft and block) in PS/poly(4-vinyl pyridine)
(PVP) blends and demonstrated that HS groups were effective in
anchoring into the PVP phase, leading to H-bond formation and
contributing to interfacial pull-out resistance.

We substantiate the strong compatibilizing effect of the S/HS
block copolymers via high-resolution electron microscopy of the
micro/nanostructure in the melt-processed PS/PCL blend as
a function of static high-temperature annealing time and take ad-
vantage of the fact that the dispersed-phase melting/crystallization
behavior can be modified dramatically when its domain size is
confined at or near the nanoscale [11,17,18,67–73]. The latter point
can be important in tuning the properties of immiscible blends
with a crystallizable minor phase. We also examine the effects of
the level of S/HS copolymer on compatibilization and PCL crystal-
lizability in these blends. It is also noteworthy that irregular,
non-spherical dispersed-phased domains are formed in 80/20 wt%
PS/PCL blends compatibilized with 5 wt% S/HS block copolymers,
which remain stable during long-term high-temperature
annealing.

2. Experimental section

2.1. Materials and methods

Styrene (Aldrich, 99%) and 4-acetoxystyrene (Aldrich, 96%) were
deinhibited using tert-butylcatechol inhibitor remover and dried
over CaH2. The unimolecular initiator alkoxyamine 29 (2,2,5-
trimethyl-3-(1-phenylethoxy)-4-phenyl-3-azahexane) was syn-
thesized as previously reported [33,74]. Polystyrene (Pressure
Chemical; nominal molecular weight (MW)¼ 30,000, Mw/
Mn� 1.06) and PCL (Aldrich; Mn¼ 110,000 g/mol and Mw/Mn¼ 1.80
relative to PS calibration) were used as-received. The Mn and Mw

values of the (co)polymers and the commercially available PCL
were determined by gel permeation chromatography (GPC, Waters
Breeze) calibrated with PS standards using tetrahydrofuran (THF)
as eluent. Each S/AS copolymer composition was measured by 1H
NMR spectroscopy (Varian Inova 500 MHz) using CDCl3 as solvent.
NMR peaks associated with aromatic hydrogens (m, 9H, 6.2–
7.3 ppm) and with other hydrogens (m, 9H, 1.2–2.4 ppm) were
compared to determine the styrene mole fraction (FS).

2.2. Synthesis of copolymers

All S/HS copolymers were synthesized by controlled radical
polymerization of S/AS copolymers followed by hydrolysis (see
Refs. [34,44–46] for related synthesis procedures of S/HS co-
polymers). For the two S/AS diblock copolymers with FS values of
0.56 (B56) and 0.81 (B81) as determined by 1H NMR, the two-step
chain extension process was employed. The procedure for B56
preparation is described elsewhere [46]. For B81, the PS macro-
initiator was synthesized by combining S (16 mL; 0.140 mol) and
alkoxyamine 29 (15 mL; 3.92�10�3 mol/L) in a test tube, purging
the tube with N2 for 30 min, and reacting for 2 h at 115 �C. The
resulting PS (Mn¼ 38,000 g/mol; Mw/Mn¼ 1.30) was isolated by
washing via several cycles of dissolution in THF and precipitation in
methanol followed by drying under vacuum for a day. The second
step involves chain extension of the PS macroinitiator. The PS
macroinitiator (0.5 g) was dissolved in AS (1.5 mL; 9.81�10�3 mol)
and purged with N2 for 30 min, and was then reacted for 30 min at
115 �C. The resulting S/AS block copolymer was washed and dried.

A semi-batch chain extension reaction was used to create S/AS
‘blocky’ gradient and ‘blocky’ random copolymers. The ‘blocky’
gradient copolymer was synthesized by combining S (10 mL;
0.0874 mol) and alkoxyamine 29 (20 mL; 5.23�10�3 mol/L) in a test
tube. The tube was sealed with a rubber stopper, purged with N2 for



Table 1
Characterization data of S/HS copolymers synthesized by controlled radical
polymerization

Sample ID Description Mn (g/mol) FS
c PS block Mn

b

(g/mol)

B56 S/HS diblock (symmetric) 78 200a 0.56 35 200
BR87 PS blockþ short block

of S/HS random
58 000b 0.87 37 000

BG86 PS blockþ short block
of S/HS gradient

56 600b 0.86 44 800

B81 S/HS diblock (PS blockþ
short HS block)

51 900a 0.81 38 000

a Determined by Mn of PS block and FS value of S/AS precursors.
b Determined by GPC relative to PS standards.
c Styrene mole fraction in copolymer (determined by NMR).
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30 min, and immersed into an oil bath at 115 �C. After 2 h, an ali-
quot (w1 mL) was taken for GPC analysis. A needle was then
inserted into the tube, and AS was added continuously at a rate of
2 mL/h for 3 h in order to increase the AS concentration in the
comonomer mixture. The reaction was quenched and the resulting
S/AS copolymer was washed and dried as described above. The PS
block in the copolymer (obtained from the aliquot) was found by
GPC to have Mn¼ 44,800 g/mol and Mw/Mn¼ 1.60, and the final S/
AS ‘blocky’ gradient copolymer was found to have an apparent
Mn¼ 56,600 g/mol and Mw/Mn¼ 1.60 by GPC and FS¼ 0.86 by 1H
NMR analysis.

The ‘blocky’ random copolymer was synthesized with a slightly
modified method. Styrene (16 mL; 0.140 mol) and alkoxyamine 29
(15 mL; 3.92�10�3 mol/L) were combined, sealed in a test tube, and
purged with N2 for 30 min, followed by immersion into an oil bath
at 115 �C. After 2 h, an aliquot (w1 mL) was taken for analysis. Next,
5 mL of AS was added, and the reaction continued for another 2 h,
followed by quenching, cleaning, and drying of the copolymer. The
PS block in the copolymer had Mn¼ 37,000 g/mol and Mw/
Mn¼ 1.30; the ‘blocky’ random copolymer had an apparent
Mn¼ 58,000 g/mol, Mw/Mn¼ 1.30, and FS¼ 0.87.

The S/AS copolymers were hydrolyzed as previously reported
[34,44–46] by dissolution in 9:1 v/v 1,4-dioxane/hydrazine hydrate
mixtures that were stirred at 22 �C under N2 for 6 h. The resulting S/
HS copolymers were washed repeatedly with deionized water and
dried in a fume hood overnight and then under vacuum for 2–3
days. Analysis by 1H NMR confirmed complete hydrolysis with the
loss of the acetoxy hydrogen peak near 2.28 ppm. Fig. 1 and Table 1
provide schematic illustrations and characterization.

2.3. Thermal analysis of S/HS copolymers

Thermal analysis was done by differential scanning calorimetry
(DSC, Mettler–Toledo DSC 822e, calibrated with an indium stan-
dard) using a sample mass of 3–7 mg. Dry N2 was passed (50–
55 mL/min) through the DSC cell during measurement. Each S/HS
copolymer sample was heated at a rate of 10 �C/min to 210 �C and
held at that temperature for 15 min to erase thermal history. Then
samples were cooled to 25 �C at a rate of 40 �C/min and reheated at
10 �C/min. The second heat data were used to determine glass
transition temperatures (Tgs).

2.4. Melt processing of PS/PCL blends

The 80/20 wt% PS/PCL blends were prepared in two ways. A
two-step process was used for blends containing B56: a total of
0.80 g of dry polymer mixture was dissolved in 1,4-dioxane fol-
lowed by precipitation with rapidly stirred methanol. A powdery
precipitate was isolated and dried under vacuum at 60 �C for a day
and further dried at 120 �C under vacuum for a few hours to remove
residual solvent. Melt processing of each pre-mixed blend was done
1 step
processing 

2 step
processing 

B56

BR87

BG86

B81

Fig. 1. Schematic illustration of styrene (S)/hydroxystyrene (HS) copolymers used as
compatibilizers for PS/PCL melt blends. B56: a symmetric S/HS diblock copolymer
consisting of one S block and one HS block, BR87: a diblock copolymer consisting of
one S block and one short block of S/HS random copolymer, BG86: a diblock copolymer
consisting of one S block and one short block of S/HS gradient copolymer, and B81: an
asymmetric S/HS diblock copolymer consisting of one S block and one short HS block.
at 210 �C in a cup-and-rotor mixer (Atlas Electronic Devices Mini-
MAX molder) for 5 min at 120 rpm with three steel balls in the cup
to ensure intense mixing [13,21]. (Based on the resulting dispersed-
phase domain size, Maric and Macosko [75] have shown that melt
mixing of immiscible polymer blends with a MiniMAX mixer con-
taining three small steel balls can yield blend microstructures that
are comparable to those attained with internal, intensive batch
mixers and twin-screw extruders.) Samples collected by spatula
were quenched in liquid N2. Static high-temperature annealing
(30–40 mg samples) was done in DSC by holding at 210 �C for
30 min, 90 min or 240 min.

Blends containing highly asymmetric S/HS copolymers (BR87,
BG86 and B81; see Table 1) were prepared by one-step melt mixing
in the MiniMAX. Dry polymer mixture (PSþ PCLþ S/HS co-
polymers) with 5 wt% S/HS copolymer was inserted in the cup, and
mixing was done at 210 �C for 10 min at 120 rpm. Collection and
annealing (30 min, 100 min and 240 min at 210 �C) of samples were
done as described above. PS/PCL (90/10 wt%) blends, both without
copolymer and with 5 wt% BG86, were similarly prepared by
one-step melt mixing.

2.5. Electron microscopy of PS/PCL blends

Scanning electron microscopy (SEM) samples were obtained by
cryo-fracturing in liquid N2 and etching in acetic acid to remove the
dispersed PCL phase. A layer of Au/Pd (3–5 nm) was coated onto the
surface, and the morphology was observed using a Hitachi S4500
SEM (5 keV) equipped with a cold field emission gun. At least 250
dispersed-phase domains per sample were analyzed after digiti-
zation of each image, and image analysis software (Scion Image
Beta 4.0.2; ImageJ 1.36b) was used to determine the number-
average dispersed-phase diameter (Dn). When the dispersed-phase
domain was non-spherical, the calculated diameter was that of
a circle with same area, as determined from 2-D image analysis by
the software. In order to assess quantitatively the distribution of
dispersed PCL domain sizes, a ratio of Dvs (volume-weighted
particle size/area-weighted particle size) to Dn was calculated for
each sample.

2.6. Thermal analysis of PS/PCL blends: crystallization and melting
of PCL phase

For PCL crystallization and melting characterization, a 5–10 mg
DSC sample of each PS/PCL blend was heated to 210 �C and held for
30 min to erase thermal history. Samples were then cooled to
�70 �C at a rate of 10 �C/min to obtain non-isothermal crystalli-
zation curves and held at�70 �C for 3 min before being reheated to
210 �C at a rate of 10 �C/min to obtain melting curves. For room-
temperature annealing of PS/PCL blends containing B81, each DSC
sample was first heated to 210 �C and held for 30 min to erase
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thermal history. The DSC samples were then cooled to 25 �C and
stored in glass vials at room temperature for 40 days. After storage,
DSC samples were reheated at 10 �C/min to obtain PCL melting
curves.
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2.7. FTIR measurements on blend samples

Blends containing different S/HS copolymers as well as the neat
PS/PCL blend were analyzed by FTIR. Each blend was mixed with
KBr powder to form a thin disc, and FTIR spectra were collected
with a Nexus 670 FTIR (ThermoNicolet) instrument at room
temperature.
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Fig. 2. DSC thermograms (heating rate¼ 10 �C/min) for Tg characterization of the S/HS
copolymers (the arrows below each curve indicate the location of the second Tg). The
inset is a magnification of the heat curve of B81 near the second Tg region.
3. Results and discussion

3.1. Preparation of S/HS copolymers and characterization of glass
transition temperatures

Fig. 1 schematically illustrates the S/HS copolymer structures,
and Table 1 summarizes the characterization data. All four S/HS
copolymers are ‘‘diblocks’’. However, while each contains an S
block, there are significant differences in the distribution of S/HS
comonomers or the overall S mole fraction within the copolymers,
resulting from different controlled radical polymerization condi-
tions. For the blocky random copolymer with overall FS¼ 0.87
(BR87), S was charged in a test tube and began to undergo poly-
merization, and after a set time a pulse of AS (later hydrolyzed in
the copolymer to HS) was added. Since the S/AS reactivity ratios are
close to unity [76] and copolymerization was done at low conver-
sion, the average sequence distribution remained constant along
the random copolymer portion of the chain. The mole fraction of AS
units in the random block of the copolymer was determined to be
0.41. For the blocky gradient copolymer synthesis with FS¼ 0.86
(BG86), after a fixed time of S polymerization, AS was added to the
test tube at a low, continuous rate, increasing the AS content in the
comonomer mix over time and thereby the AS content (later hy-
drolyzed in the copolymer to HS) along the gradient copolymer
portion of the chain. Aliquots were collected during polymerization
of the gradient block in the BG86 copolymer, and the cumulative S
mole fraction decreased as the copolymer molecular weight
increased, in accord with expectations. For example, after 2 h re-
action time (and just prior to AS addition) the blocky gradient
copolymer had FS¼ 1.00 and Mn¼ 44,800 g/mol, after 4 h reaction
time (and after AS addition to the semi-batch reactor) the co-
polymer had FS¼ 0.93 and apparent Mn¼ 50,800 g/mol, and after
5 h reaction time the copolymer had FS¼ 0.87 and apparent
Mn¼ 58,000 g/mol.

Fig. 2 shows DSC heat curves for the four S/HS copolymers. The
nearly symmetric diblock copolymer, B56, exhibits two distinct Tgs
corresponding to well-segregated lamellar microphases consisting
of nearly pure S (Tg¼ 100 �C) or nearly pure HS (Tg¼ 190 �C) re-
gions. While the other three copolymers containing low levels of HS
show a common Tg near 100 �C corresponding to the PS block, the
locations and strengths of the second, higher Tgs (noted by arrows
in Fig. 2) differ depending on the nature of the second block. The
BR87 copolymer exhibits a second Tg at w115–120 �C associated
with a random distribution of S and HS units in the second block
which is lean in HS units. The DSC heat curve for the BG86
copolymer shows a second Tg near 160 �C, corresponding to the
second block comprised of an S/HS gradient distribution of S/HS
that is relatively rich in HS units and in accord with previous Tg

characterization of S/HS gradient copolymers [44,46]. The asym-
metric B81 diblock copolymer yields a second Tg near 190 �C that is
associated with HS nanodomains and is much weaker than that
exhibited by the nearly symmetric B56 diblock copolymer.
3.2. Two-step compatibilization of PS/PCL blends by melt
processing: effect of the amount of H-bonding S/HS diblock
copolymer (B56) added as interfacial compatibilizer

Each blend contains 80 wt% PS (PS homopolymerþ S block in
B56) with a varying amount of B56 (0–5 wt% with respect to the
total blend) added to the PS/PCL blend. In addition to the Tg from
the PS block at 100 �C, the B56 copolymer has a second, strong Tg at
190 �C, which prevents effective melt mixing of the copolymer
when added directly to the blend. As a result, we used a two-step
mixing protocol involving solution premixing of all components
(PS/PCL and B56) followed by melt mixing in order to disperse B56
within each blend [34].

Fig. 3 shows electron micrographs of melt-mixed PS/PCLþ B56
blends before and after static annealing at 210 �C for 240 min. The
morphologies resulting from melt mixing exhibit a sharp reduction
in the dispersed PCL domain sizes with increasing B56 content.
Because of the nanoscale nature of the dispersed-phase domains in
the blend containing 5 wt% B56, we also shown in Fig. 4 the
micrographs at much higher magnification.

Several points are evident from Figs. 3 and 4 and related
micrographs. First, the dispersed-phase domain diameters can be
tuned from the microscale (with 0.25 wt% B56, the number-average
dispersed-phase diameter (Dn)> 2 mm) to the nanoscale (with
5 wt% B56, Dn¼ 90–110 nm) by addition of sufficient diblock co-
polymer. This is consistent with the notion that the S/HS diblock
copolymer at the blend interfacial regions leads to a significant
reduction in interfacial tension, with larger reductions occurring at
higher diblock copolymer content. These results are in sharp con-
trast with our previous study employing S/HS gradient copolymers
as compatibilizers of 80/20 wt% PS/PCL blends which were made by
the same homopolymers and two-step mixing process employed
here. The addition of 5 wt% of 59/41 mol% S/HS gradient copolymer
resulted in Dn¼ 1.62 mm while the addition of 5 wt% of 25/75 mol%
S/HS gradient copolymer resulted in Dn¼ 2.72 mm, both values
more than an order of magnitude larger than that obtained upon
the addition of 5 wt% B56. Second, for the blend with 5 wt%
B56, a significant fraction of the nanoscale dispersed phase is



Fig. 3. Scanning electron micrographs of 80/20 wt% PS/PCL blends with added B56 before and after annealing for 240 min at 210 �C: blend with 0.25 wt% B56 before (a) and after (b)
annealing; blend with 0.75 wt% B56 before (c) and after (d) annealing; blend with 2 wt% B56 before (e) and after (f) annealing; blend with 5 wt% B56 before (g) and after (h)
annealing. The size bars represent 5 mm.
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non-spherical and retains a non-spherical shape after long-term,
high-temperature annealing. This is consistent with a nearly
vanishing interfacial tension in the blend containing 5 wt% B56, an
effect that has been rarely reported in the literature [34,39]. We
also note that crosslinking via condensation reaction between hy-
droxyl groups on different HS repeat units in the interfacial regions



Fig. 4. Scanning electron micrographs of irregularly shaped PCL domains in the 80/20 wt% PS/PCL blend with 5 wt% B56 before (a) and after (b) annealing for 240 min at 210 �C. The
size bars represent 250 nm.
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is possible at the high-temperature annealing conditions used to
study compatibilization [77], which would aid in stabilizing the
unusual non-spherical dispersed-phase domain shapes observed in
Fig. 4. Third, blends containing 2–5 wt% B56 are fully compatibi-
lized, i.e., there is no growth observed in Dn with high-temperature
static annealing. Thus, there is sufficient steric hindrance provided
by interfacial block copolymer to prevent coalescence.

Table 2 and Fig. 5 show the data associated with our charac-
terization of dispersed-phase domains in blends to which B56
diblock copolymer was added. For non-compatibilized blends, Dn is
expected to obey the following equation as a function of annealing
time, t [78–80]:

D3
n tð Þ ¼ D3

n 0ð Þ þ Kt (1)

where Dn(0) is the value of Dn upon removal of the blend from the
mixer (before static annealing) and K is the coarsening rate pa-
rameter. (Our value of K differs by a factor of 8 from that described
by Crist and Nesarikar [78] because their equation involves the cube
of the average radius.) Eq. (1) is valid for coarsening by coalescence
and/or Ostwald ripening. Fig. 5 shows that within error K is zero for
blends containing 2–5 wt% B56 diblock copolymer. Eq. (1) does not
adequately describe the coarsening for the blend with 0.25 wt%
B56, the lowest amount of diblock copolymer. It is possible that the
near invariance of Dn

3 in that system at annealing times of 30–
240 min is because once some coarsening has occurred within the
first 30 min, there may be sufficient interfacial copolymer to pre-
vent further coarsening. This effect has been previously reported
with block copolymer addition to immiscible blends [27].

The Dvs/Dn values in Table 2 indicate that the smallest poly-
dispersity in dispersed-phase domain size occurs in the 2 wt% B56
blend. This is consistent with the idea that the copolymer coverage
of the interfacial regions is greatest and most even in this system. It
is possible that the larger Dvs/Dn values obtained in the blend
containing 5 wt% B56 may be due in part to the nanoscopic scale of
Table 2
Average PCL domain sizes obtained via SEM image analysis in 80/20 wt% PS/PCL
blends with added B56: effects of annealing time at 210 �C and B56 addition level

B56 addition
level (wt%)

0 min annealing 30 min
annealing

90 min
annealing

240 min
annealing

Dn (mm) Dvs
a/Dn Dn (mm) Dvs/Dn Dn (mm) Dvs/Dn Dn (mm) Dvs/Dn

0.25 2.44 1.61 2.97 1.53 2.90 1.39 3.05 1.85
0.75 1.00 1.81 0.97 1.73 0.91 2.00 1.67 1.50
2 0.49 1.16 0.39 1.26 0.46 1.21 0.39 1.30
5 0.11 1.62 0.09 1.30 0.10 1.86 0.10 1.56

a Dvs¼
P

(Dn
3)/
P

(Dn
2) and represents the ratio of the volume-weighted average

diameter to area-weighted average diameter; thus, the ratio Dvs/Dn provides
a quantitative indication of the polydispersity in dispersed-phase domain sizes.
the dispersed phases, creating somewhat greater error in these
values.

In our previous study of PS/PCL blends employing S/HS gradient
copolymers as compatibilizers [34], we reported that H-bonding
between the S/HS copolymers and PCL reduced the crystallization
and melting temperatures as well as the enthalpies of crystalliza-
tion and melting of the dispersed PCL phases. In our current study
of PS/PCL blends with S/HS B56 as compatibilizer, we have followed
the approach of Kuo and Chang [58] for determining the presence
of H-bonds between the hydroxyl group in HS and the PCL carbonyl
group via the appearance of a band at 1708 cm�1 in an FTIR spec-
trum. In our blend containing 5 wt% B56 and therefore less than
1 wt% hydroxyl groups, we observed a shoulder peak near
1708 cm�1 that is absent in the PS/PCL blend without copolymer.
Thus, our PS/PCL blends containing B56 have H-bonds which may
suppress PCL crystallization. Others investigating the miscibility of
PCL with (co)polymers containing HS, and thereby presumed to
result in blends with H-bonds, have reported significant reductions
in PCL crystallinity and/or melting point [51–58]. Nanoscale phase-
segregated PS/PCL blends [9] made by non-interfering simulta-
neous PS and PCL polymerization (and lacking H-bonds) also
resulted in a reduced crystallinity of the minor PCL phase relative to
neat PCL. As our blend containing 5 wt% B56 block copolymer has
both nanoscale PCL domains and H-bonds, it is easy to hypothesize
that such a blend may exhibit dramatically different crystallinity
compared with PS/PCL blends without copolymer.

Fig. 6 shows the effect of B56 content on the non-isothermal
crystallization of PS/PCL blends. All blends exhibit reduced peak
crystallization temperatures compared to neat PCL. With blends
containing less than 1 wt% B56, the reduction in PCL crystallization
temperature, measured by onset or peak temperature, is 1–3 �C,
with peak temperatures exceeding 30 �C. The effect is very large in
blends containing 2–5 wt% B56, with little or no crystallization
evident at room temperature and crystallization peak temperatures
of �15 �C to �35 �C. The large effects in blends containing 2–5 wt%
B56 are expected from two standpoints. First, any H-bonds between
hydroxyl groups in the interfacial B56 copolymer and the PCL in
dispersed domains would interfere with or slow the frontal growth
of crystallizing spherulites, hindering PCL crystallization [52,81].
Second, because these blends yield many PCL domains in the
w100 nm size range, a reduced crystallizability is expected due to
confined or fractionated crystallization [11,17,18,67–73]. (Confined
crystallization occurs when the crystallizable domain is at or near
the nanoscale and contains no heterogeneity that nucleates
crystallization at the normal bulk crystallization temperature.
Instead, the confined domain nucleates at a lower supercooling,
either from a heterogeneity active at that supercooling or
homogeneously.)
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Fig. 5. (a) Effect of annealing time on Dn
3 for 80/20 wt% PS/PCL blends by two-step
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The effects of compatibilization and the nanoscopic nature of
the dispersed PCL phases on blend properties are starkly man-
ifested by attempts to achieve isothermal crystallization of PCL
nanodomains at room temperature. Because room-temperature
crystallization of blends with 2–5 wt% B56 is extremely slow, no
enthalpy change can be measured during isothermal, room-tem-
perature annealing in the DSC. To examine the possibility of long-
term room-temperature crystallization, samples were first heated
in order to melt any crystallites and then rapidly cooled to room
temperature (w22 �C) where they were stored outside a DSC for 40
days. After storage, melting characteristics were measured via DSC
heating curves given in Fig. 7.
Blends containing 0.25–0.75 wt% B56 and subjected to 40 days
of room-temperature annealing exhibit large melting peaks char-
acteristic of semi-crystalline PCL. However, blends with 2–5 wt%
B56 exhibit melting peaks with vastly reduced integrated areas. In
particular, the melting peak is negligibly small for the blend with
5 wt% B56, meaning that the dispersed PCL phases remain
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amorphous at extremely long times at room temperature. The
combined confined crystallization and H-bonding lead to an almost
total arrest of crystallization, meaning that, at room temperature,
this compatibilized PS/PCL blend is not a glassy/semi-crystalline
blend but rather a glassy/liquid blend. This shows very simply how
nanostructured blends can have properties that differ greatly from
those of microstructured blends.

3.3. One-step melt processing of blends: compatibilization by
different types of S/HS copolymers with low HS contents

The results above indicate that, with appropriate levels of
mixing, nearly symmetric S/HS block copolymers can compatibilize
PS/PCL blends. However, the two-step mixing protocol required for
blends containing B56 block copolymer (necessitated by the high,
strong Tg of the HS block within B56, resulting from HS-unit asso-
ciation [51,81–83]) is neither environmentally green nor commer-
cially friendly due to its first solvent-based mixing step.

In order to achieve one-step, effective melt mixing (without
a solvent-based mixing step) with the potential to lead to compa-
tibilized PS/PCL blends, we synthesized three S/HS copolymers
with similar, low HS mole fractions (high FS values), each with an S
block of length similar to B56 (see Table 1). These blocky S/HS co-
polymers differ by the distribution of HS units in the second block.
As Table 1 and Fig. 1 indicate, the BR87, BG86, and B81 copolymers
each contain a second ‘‘block’’ consisting of an S/HS random
copolymer, an S/HS gradient copolymer, or a short HS block,
respectively. Because B81 block copolymer is only 19 mol% HS, in
bulk it exhibits a barely perceptible Tg at w190 �C. Thus, in contrast
to the B56 copolymer which exhibits little or no dispersion during
one-step melt mixing at 5 wt% in a PS/PCL blend, 5 wt% B81 co-
polymer can be dispersed in the PS/PCL blend using one-step melt
mixing. The considerably lower values for the second Tgs obtained
in the BR87 and BG86 copolymers also facilitate one-step melt
mixing at a 5 wt% level with PS/PCL blends.

Fig. 8 compares the morphologies of 80/20 wt% PS/PCL blends
containing 5 wt% B81, BR87, or BG86 to those of a 80/20 wt% PS/PCL
blend without copolymer before and after static annealing at 210 �C
for 240 min. Table 3 and Fig. 9 indicate the values of average dis-
persed-phase domain sizes as a function of static annealing time
and copolymer type.

Several points are evident from comparison of Figs. 8 and 9 and
Table 3 with Figs. 3 and 5 and Table 2. First, the dispersed-phase
domain sizes are much larger when the 80/20 wt% PS/PCL blend
without added copolymer is simply melt mixed as opposed to being
co-dissolved, precipitated and then melt mixed. This is evident
from the Dn(0) values for the blends with no added copolymer:
4.80 mm for the blend made by one-step melt mixing, and 2.92 mm
for the blend made by the two-step approach. This is an indication
of the effectiveness of the first co-dissolution step in the two-step
method in achieving a well-mixed blend.

Second, in spite of this difference, the two blends made by
different methods and lacking copolymer have similar coarsening
rate constants, with K¼ 0.28 mm3/min for the blend made by the
one-step method and K¼ 0.22 mm3/min for the blend made by the
two-step method. Given that each K value is obtained from fits each
involving only four data points, the K values may be considered to
be the same within error. This outcome is expected based on the
fact that, other things being equal, K is not function of the size of the
dispersed-phase domains [78].

Third, with blends made by one-step melt mixing, adding 5 wt%
BG86 blocky gradient copolymer yields the smallest value of Dn(0)
(360 nm), a factor of 13–14 smaller than that obtained without
copolymer. The addition of 5 wt% BR87 blocky random copolymer
leads to a factor of 5 reduction in Dn(0), and the addition of 5 wt%
B81 diblock copolymer results in a 70–75% reduction in Dn(0)
relative to that obtained without copolymer. This ordering of initial,
average dispersed-domain size and copolymer structure may be
understood in part based on the effect of sequence distribution of
H-bonding groups on H-bonding efficiency. Intra-association [82–
84] of HS units can interfere with the ability to form inter-associ-
ation H-bonds between HS units in a copolymer and PCL carbonyl
groups. If intra-association is favored in copolymers containing
long HS sequences, then the BR87 and BG86 copolymers, which
have S units as ‘spacers’ between HS units, should lead to less intra-
association and more interpolymer H-bonding. We note that Lin
et al. [85] performed a related study with random and block co-
polymers of HS/methyl methacrylate (MMA) in which they char-
acterized intra-association (HS/HS) and inter-association (HS/
MMA) H-bonds. They found that random HS/MMA copolymers
exhibit a higher fraction of inter-associated HS units (relative to
those participating in intra-association) than HS/MMA block co-
polymers. (For discussion on the importance of spacer units in HS
copolymers to enhance intermolecular H-bonding in blends, see
Refs. [51,61,82–84].) The smaller Dn(0) value observed in the blend
containing BG86 relative to the blend containing BR87 may occur
because a gradient distribution of HS units yields greater H-bond-
ing at the end of the copolymer and thereby better anchoring of
BG86 in PCL domains.

Finally, regarding compatibilization, addition of BR87 co-
polymer yields a blend that exhibits coarsening over the full
240 min annealing time with a value of the coarsening rate con-
stant K (0.0092 mm3/min) that is strongly reduced relative to the K
value for the blend without copolymer (0.28 mm3/min). While this
reduction in K is substantial, it nevertheless indicates that addition
of a block copolymer with one block consisting of a random dis-
tribution of H-bonding units does not yield compatibilization. In
contrast, addition of BG86 with a block consisting of an S/HS gra-
dient copolymer leads to a fully compatibilized blend that, within
error, exhibits no coarsening during high-temperature static
annealing while addition of B81 with a short HS block to the blend
leads to a blend that exhibits coarsening only during the first
30 min of high-temperature static annealing. (Using data in Table 3,
the blend containing BG86 exhibits a K value of 0.00011 mm3/min,
a factor of 2500 smaller than that in blend without copolymer.
Thus, to an excellent approximation, K is zero in the blend con-
taining BG86.)

In addition to 80/20 wt% blends, we also prepared 90/10 wt% PS/
PCL blends with and without 5 wt% BG86 copolymer. The 90/
10 wt% PS/PCL blend without copolymer yields Dn(0)¼ 1.7 mm be-
fore annealing, a factor of 2.8 smaller than that of the 80/20 wt%
blend without copolymer. With addition of 5 wt% BG86, the 90/
10 wt% PS/PCL blend yields Dn(0)¼ 300 nm, approaching but not at
the nanoscale. With annealing at 210 �C for 240 min, the 90/10 wt%
blend with BG86 exhibits a K value identical to that observed in the
80/20 wt% blend with BG86 and thus, to an excellent approxima-
tion, equivalent to zero.

The compatibilization achieved by adding 5 wt% BG86 to 80/
20 wt% and 90/10 wt% PS/PCL blends indicates that the sequence
distribution of HS units in the copolymer is a key feature in com-
patibilization efficiency involving H-bonding. While it is known
that random copolymers do not fully compatibilize immiscible
blends [86], even when H-bonding is present [34], this is the first
study to demonstrate that a copolymer consisting of a block of one
non-H-bonding unit (S) and a second, short block that is a random
copolymer of non-H-bonding (S) and H-bonding (HS) units leads to
reduced coarsening rather than full compatibilization. This result is
especially noteworthy because an S/HS random copolymer with
a composition similar to the S/HS random block in BR87 was found
to be fully miscible with PCL homopolymer [55]. The inferior
compatibilization efficiency of B81 block copolymer relative to
BG86 gradient copolymer may be due in part to intra-association



Fig. 8. Scanning electron micrographs of 80/20 wt% PS/PCL blends with or without 5 wt% addition of various types of S/HS copolymers before and after annealing for 240 min at
210 �C: blend without copolymer addition before (a) and after (b) annealing; blend with 5 wt% B81 before (c) and after (d) annealing; blend with 5 wt% BR87 before (e) and after (f)
annealing; blend with 5 wt% BG86 before (g) and after (h) annealing. The size bars in (a)–(d) represent 20 mm, while those in (e)–(h) correspond to 5 mm.
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effects [81–85] described above. In addition, the gradient in HS
units in the short gradient block of BG86 should result in a driving
force for the S/HS block to penetrate into the PCL domain interior in
a manner conducive to high interfacial coverage by the copolymer,
leading to effective compatibilization. It is also possible that the B81
block copolymer may not be as optimally dispersed in the blend by



Table 3
Average PCL domain sizes obtained via SEM image analysis in 80/20 wt% PS/PCL blends with 5 wt% addition of S/HS copolymers: effects of annealing time at 210 �C and type of
S/HS copolymer

Added S/HS copolymer (5 wt%) 0 min annealing 30 min annealing 100 min annealing 240 min annealing

Dn (mm) Dvs/Dn Dn (mm) Dvs/Dn Dn (mm) Dvs/Dn Dn (mm) Dvs/Dn

No copolymer 4.80 2.50 5.04 2.30 5.12 2.30 5.67 2.80
B81 1.30 2.83 2.00 4.24 1.83 4.63 1.86 3.05
BR87 0.81 2.64 0.95 2.85 1.20 2.67 1.40 2.74
BG86 0.36 1.10 0.36 1.10 0.40 1.20 0.42 1.30
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melt mixing as the BR87 and BG86 copolymers because of its weak
Tg at 190 �C, thereby resulting in a lower interfacial coverage of the
B81 copolymer relative to the BG86 copolymer. Table 3 shows that
at every annealing time the Dvs/Dn values are largest in the blend
containing B81, which is consistent with the notion that the in-
terfacial coverage is the least effective and the most uneven among
the three copolymers used in blends made by one-step melt
mixing.

Fig. 10 shows the non-isothermal crystallization and melting
behaviors of PCL domains in blends made by one-step melt mixing.
The thermal analyses are in accord with the morphology studies,
i.e., one-step melt-mixed blends that exhibit large reductions in
Dn(0) values also exhibit large crystallization/melting effects.
Adding 5 wt% B81 to a blend has marginal impact on PCL crystal-
lization/melting as the magnitude and location of crystallization/
melting peaks are similar to those of a melt-mixed PS/PCL blend
without copolymer. In contrast, adding 5 wt% BR87 or BG86 to
a blend reduces both the peak PCL crystallization temperature and
the area under the crystallization peak, with a larger effect seen
with BG86 addition. These results can be explained based on H-
bonding resulting in a reduced crystallization of the PCL domains.
However, adding BR87 or BG86 to a blend made by one-step mixing
does not affect the PCL crystallization/melting behavior as severely
as adding B56 to a blend by two-step mixing, as shown in Fig. 6.
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Fig. 9. Effect of annealing time on Dn
3 for 80/20 wt% PS/PCL blends shown in Fig. 8:

blend without copolymer (diamonds), blend with 5 wt% B81 addition (circles), blend
with 5 wt% BR87 addition (squares), and blend with 5 wt% BG86 addition (triangles).
Note: The straight line represents the best fit to Eq. (1) for the blend without co-
polymer. The inset is a magnification of the results from BR87 addition (referred to the
left axis; squares) and BG86 addition (referred to the right axis; triangles).
This is likely because the crystallizability in the blend containing
B56 is reduced by combined H-bonding and confined crystalliza-
tion effects, the latter associated with the w100 nm PCL domains.
(Recall that a 20/80 wt% PS/PCL blend with 5 wt% B56 made via
one-step melt mixing does not allow for good mixing of the co-
polymer in the blend and thus shows no changes in PCL crystalli-
zation behavior.) In contrast, blends containing BR87 or BG86 (and
made by one-step mixing) have dispersed domains significantly
larger than w100 nm; thus, while H-bonding retards crystallization
in these blends, confined crystallization plays only a very small role
in their crystallization/melting behaviors.

PS/PCL (90/10 wt%) blends show behavior similar to that of 80/
20 wt% PS/PCL blends. Upon addition of 5 wt% BG86, the crystalli-
zation temperature is reduced and the peak broadens (data not
shown) relative to PCL crystallization in the 90/10 wt% blend
without copolymer. However, the PCL melting temperatures in all
90/10 wt% and 80/20 wt% PS/PCL blends are similar, suggesting that
PCL forms crystals of comparable lamellar thickness in all blend
samples.

Finally, we note that although PCL domain sizes are similar in
the compatibilized 80/20 wt% PS/PCL blends containing 2 wt% B56
(made by two-step mixing) or 5 wt% BG86 (made by one-step
mixing), the crystallizability is reduced to a greater extent in the
blend with 2 wt% B56. This indicates that suppression of PCL
crystallization in compatibilized PS/PCL blends with added S/HS
copolymers is affected not only by the size scale of PCL domains but
also by how the H-bonding between HS units and PCL impedes
crystallization. Further investigation is needed to understand these
effects in detail.

The results of our study showing the ease by which one-step melt
mixing of a H-bonding blocky gradient copolymer with PS and PCL
can yield compatibilized blends with dispersed domains
approaching but not at the nanoscale suggest the need for future
investigation. In particular, study should be done to determine
whether blocky gradient or related copolymers containing
H-bonding moieties or other moieties leading to attractive in-
teractions with a homopolymer can be designed to yield compati-
bilized, nanostructured blends using one-step melt mixing. Among
the copolymer design issues that are worthy of investigation and can
be relatively easily addressed via controlled radical polymerization
include the following: strength of the composition gradient within
the gradient block; polydispersity of the blocky gradient copolymer,
including molecular weight and copolymer composition; the mag-
nitude of attractive interactions between the copolymer and ho-
mopolymer by judicious choice of comonomer units. If successful,
such studies could lead to commercially attractive production of
nanoblends via conventional, non-reactive melt processing.

4. Summary

Four S/HS copolymers bearing an S ‘block’ have been synthe-
sized by controlled radical polymerization of S/AS followed by
hydrolysis. Regardless of the distribution of S/HS units along the
second block, the bulk S/HS copolymers exhibit signatures of
ordered nanophases as demonstrated by the presence of two Tgs
from each copolymer.
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Addition of these copolymers has been investigated as a com-
patibilization strategy for immiscible 80/20 wt% PS/PCL blends with
the HS units along the copolymer being capable of forming H-
bonds with carbonyl groups in dispersed PCL domains. Depending
on S/HS copolymer composition and sequence distribution, com-
patibilization can be achieved as evidenced by the absence of
coarsening of the average dispersed-phase domain diameter during
long-time high-temperature static annealing. In particular, PS/PCL
blends containing 2–5 wt% (but not 0.25–0.75 wt%) of the nearly
symmetric S/HS diblock copolymer B56 and made by two-step melt
processing exhibit both compatibilization and very small average
diameters of dispersed PCL domains (Dn), less than 500 nm with
2 wt% B56 and at the nanoscale (90–110 nm) with 5 wt% B56. Due
to nanoscale confinement of PCL domains combined with
H-bonding effects, the compatibilized PS/PCL nanoblends exhibit
dramatically reduced PCL crystallizability. Specifically, a PS/PCL
blend with 5 wt% B56 has negligible crystallinity at room temper-
ature, meaning that the PS/PCL nanoblends contain PCL domains
that are in a liquid rather than semi-crystalline state. This shows
how nanostructured blends can have very different properties from
microstructured blends.

The HS sequence distribution units also plays a key role in
compatibilization when S/HS copolymers have low HS content.
While one-step melt mixing of an 80/20 wt% PS/PCL blend with
5 wt% asymmetric diblock copolymer B81 or blocky random co-
polymer BR87 does not yield full compatibilization, adding 5 wt%
blocky gradient copolymer BG86 yields a sub-microscale, compa-
tibilized blend with Dn z 400 nm. Interestingly, although average
PCL domain size is similar in PS/PCL blends containing 2 wt% B56
(made by two-step mixing) and 5 wt% BG86 (made by one-step
mixing), the PCL crystallizability is more significantly reduced in
the former case. This indicates that the suppression of PCL
crystallization in compatibilized PS/PCL blends with added S/HS
copolymers is affected not only by the size of PCL domains but also
by the details of H-bonding between HS units along the S/HS
copolymers and PCL units.
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