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The effect of block sequence on the self-assembly of ABC terpolymers in selective solvent (water/THF) was
explored based on two kinds of terpolymers: polystyrene-block-poly(ethylene oxide)-block-poly(acrylic acid)
(PS-b-PEO-b-PAA) and PEO-b-PS-b-PAA with the same component, comparable molecular weight, but
different block sequence. Copolymer PS-b-PEO-b-PAA has a higher critical water content (CWC) and larger
aggregates size than PEO-b-PS-b-PAA. Furthermore, they presented vesicles with hundreds of nanometers at
25% water content which was not observed in the case of PEO-b-PS-b-PAA. It was also found that there was
a sharp jump of both the scattering light intensity and average aggregate size for PS-b-PEO-b-PAA. The
kinetics of morphological transitions vs the water content was described to explain this phenomenon.

Introduction

In the past several decades, the research on the self-assembly
of block copolymers in selective solvent for one of the blocks
forming core or aggregating as a result of association of the
insoluble blocks is gaining increasing attention.!™ Such self-
assembly processes are driven by diverse repulsion forces
including the stretching (deformation) of the core-forming blocks
in the core, the surface tension between the micelle core and
the solvent outside of the core, and the intercorona—chain
interactions.’ Star micelles®” and crew-cut aggregates® should
be distinguished: the former is usually made from block
copolymers in which the corona-forming blocks are much longer
than the core-forming blocks, while the latter is made from
copolymers in which the core-forming blocks are much longer.
It has been known that the star micelles are usually spherical,'?
while the crew-cut aggregates have self-assembled into struc-
tures with various morphologies.'"!?

By now the self-assembly of AB diblock copolymers has been
studied widely and systematically."*~!> The copolymers used
for this research include poly(styrene)-b-poly(acrylic acid),'®!
poly(styrene)-b-poly(ethylene oxide),'®!° and other copolymer
systems.?’"22 ABC terpolymers are also versatile precursors of
micelles,”> 2% whose structure is dictated by the constitutive
blocks and their sequential arrangement. Because of consisting
of three chemically different blocks which can be multirespon-
sive or sufficiently incompatible with each other, smart materials
made by ABC terpolymers can be contemplated. Recently, there
has been considerable interest in exploring the solution behavior
of ABC terpolymers,?’? and a variety of nano-objects in dilute
solutions have been obtained, ranging from typical core—shell
nanospheres® to cylinders and vesicles.*® Traditionally, the
studies on self-assembly of ABC terpolymers in selective solvent
mainly focused on changing the environmental conditions, such
as salt concentration,? pH,?*?! ratio of selective solvent in total
solution,*? temperature,? and so on. It is worthy to be expected
that the variation of arrangement sequence of ABC terpolymers
may exert great influence on the aggregate behavior of these
copolymers, but there are few examples among current research.

*To whom correspondence should be addressed. E-mail: jlhuang@
fudan.edu.cn.
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One of the reasons limiting the exploration is that it is hard to
obtain copolymers with the same component, comparable
molecular weight, but different block sequence (A,B,C,,
A,C,B,,, B,,A,C,). Furthermore, the existing reports** 3 were
confined to the effect of block sequence on the hydrodynamic
diameters and cloud points of the samples including critical
water content (CWC) and critical solution temperature (an upper
or lower critical solution temperature), but none of the these
examples provided convincing proof of the morphological
variety induced by variation of arrangement sequence of
copolymers.

In this paper, two ABC terpolymers, PS-b-PEO-b-PAA and
PEO-b-PS-b-PAA, were used to investigate the effect of block
sequence on the self-assembly of ABC terpolymers in H,O/
THF, including CWC, hydrodynamic diameters, and morphol-
ogy, especially.

Experimental Section

Materials. The syntheses of ABC terpolymers [polystyrene-
block-poly(ethylene oxide)-block-poly(tert-butyl acrylate)’” (PS-
b-PEO-b-P tBA) and poly(ethylene oxide)-block-polystyrene-
block-poly(tert-butyl acrylate)*® (PEO-b-PS-b-P tBA)] with the
same components, comparable molecular weight, and different
block sequence are described elsewhere (see Supporting Infor-
mation for details) The molecular weights of each copolymer
are PS]]S-b-PEO70-b-PtBA4] and PEO70-b-PS]02-b-PlBA4|, re-
spectively (the suffixes are the numbers of repeated unit).
Trifluoroacetic acid (TFA, AR, 99%), methylene dichloride
(CH,Cl,, AR, 99%), tetrahydrofuran (THF, AR, 99%), and
sodium hydroxide (NaOH, AR) were used as received.

Measurements. 'H NMR spectra were obtained by a DMX
500 MHz spectrometer using tetramethylsilane (TMS) as the
internal standard and DMSO-dg as the solvent. Transmission
electron microscope (TEM) morphology study was performed
on a Hitachi H-600 electron microscope operated at an ac-
celerating voltage of 75 kV. Dynamic light scattering (DLS)
measurement was performed at 25 °C on a Malvern Autosizer
4700 dynamic light scattering instrument.

Preparation of Terpolymers PS-b-PEQO-b-PAA. 4.4 g of
PS-b-PEO-b-PrBA (0.2 mmol) and 3 mL (41 mmol) of
trifluoroacetic acid (TFA) were dissolved in 50 mL of CH,Cl,
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and stirred at room temperature for 36 h. After all volatiles were
removed under reduced pressure, the pale gray residue PS-b-
PEO-b-PAA was dried at 50 °C under vacuum for 24 h. 'H
NMR (DMSO-dg, 6, ppm): 0.80—2.20 (m, —CH;, —CH,— of
TEMPO group, —CH,CH— of rBA, and —CH,CH— of PS main
chain), 2.22 (s, 1H, —CH,CH— of PrBA), 3.53—3.80 (m,
CH,CH,0O— of PEO chain), 4.33 (m, —C(CH;),—COO—
CH,—), 6.30—7.20 (m, the phenyl of PS main chain), 7.40, 7.50,
7.90 (the residual phenyl group of the initiator BPO).

Preparation of Terpolymers PEQO-b-PS-b-PAA. 1 g of
PEO-b-PS-b-P tBA (0.05 mmol) and 1 mL (13 mmol) of
trifluoroacetic acid (TFA) were dissolved in 15 mL of CH,Cl,
and stirred at room temperature for 36 h. All volatiles were
removed under reduced pressure, and the pale gray residue PEO-
b-PS-b-PAA was dried at 50 °C under vacuum for 24 h. 'H
NMR (DMSO-dg, 6, ppm): 0.80—2.20 (m, —CH;, —CH,— of
TEMPO group, —CH,CH— of tBA, —CH,CH— of PS main
chain, and —C(CH;),—COO—CH,—CH;), 2.22 (s, I1H,
—CH,CH— of PrBA), 3.53—3.80 (m, —CH,CH,0O— of PEO
chain), 4.02 (s, —C(CH;),—COO—CH,—CHj;), 4.28 (s,
—CH,CH—N-), 6.30—7.20 (m, the phenyl of PS main chain).

Preparation of Sample Solution. The proper amount of
copolymers was dissolved in THF, followed by adding acidified
water with pH 3.2, 5.4, and 8.3 dropwise (1 drop/13 s) to
copolymer solutions under vigorous stirring. After the addition
of all the water to the organic phase, each resulting solution
was vigorously stirred for an additional 24 h. The copolymers
concentration was kept constant at 1 mg/mL, while the water
content was varied from 5% to 50% v/v of the total solution.
The experiment was carried out at 32 °C.

Characterization of Sample Solutions. 1 mg/mL of copoly-
mer solutions in HyO/THF were characterized in terms of their
hydrodynamic diameters using dynamic light scattering. For
TEM characterizations, a drop of sample solutions was deposited
on carbon films supported by copper grids which were placed
at 50 °C under vacuum to remove excess solvent quickly.

Results and Discussion

Polymer Synthesis and Confirmation of Structure. In order
to minimize the amount of impurities in ABC triblock terpoly-
mers (PS-b-PEO-b-PAA and PEO-b-PS-b-PAA), great attention
was paid to the purification of the final copolymers (PS-b-PEO-
b-P BA and PEO-b-PS-b-P tBA) during the whole synthesis
process; no diblock copolymers could be detected.’”3® The
molecular weight of PS-b-PEO-b-PAA and PEO-b-PS-b-PAA
was measured by gel permeation chromatography (GPC) and
NMR, respectively, and the copolymer composition was cal-
culated by "H NMR spectroscopy. Figure 1 shows the 'H NMR
spectra and the theoretical chemical structure of the copolymers
PEO-b-PS-b-PAA(A) and PS-b-PEO-b-PAA(B) along with the
relevant peak assignment. To obtain the reliable molecular
weight of terpolymers, the M, of terpolymers was calculated
by the following equation from '"H NMR:

4A M
_ g n(PEO)
Mn(PS-b—PEO-b-PAA) - A 44 x 72 + Mn(PS-b-PEO) (1)
e

where A, and A. represent the integral area of the methenyl
proton on the PAA main chains and all protons of the PEO
main chain, respectively. Mypro) and Myps.p-pe0) are the M, of
PEO homopolymer and the M, of PS-b-PEO diblock copolymer,
which are obtained from refs 37 and 38 (see the Supporting
Information). 44 and 72 are the molecular weight (M) of
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Figure 1. '"H NMR spectra of PEO-b-PS-b-PAA(A) and PS-b-PEO-
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TABLE 1: Polymerization Data of PS-b-PEO-b-PAA and
PEO-b-PS-b-PAA

Mn,GPCa Mnb L

copolymer (x10% (x10% M/M,* PS PEO PAA
PS-b-PEO-b-PAA 17.7 18.1 1.32 115 70 41
PEO-b-PS-b-PAA 15.8 16.7 1.17 102 70 41

@ Determined by GPC calibrated against PS standards. ” Determined
by 'H NMR.

ethylene oxide and acrylate acid, respectively. All the data are
listed in Table 1.

Critical Water Content (CWC). The CWC is defined as
the minimum amount of water needed for the micelles to start
to be formed. A sudden change was observed in the intensity
of scattering light as the water was added slowly.* Figure 2
shows the scattering light intensity as a function of water content
at 1 mg/mL polymer concentration. As shown in Figure 2,
regardless of the pH value of water, the CWC for PS-b-PEO-
b-PAA was 20% (v/v), whereas 25% (v/v) tor PEO-b-PS-b-
PAA. There seems to be a relationship between CWC and the
block sequence of ABC terpolymers. Water is a selective solvent
for PEO and PAA segments; therefore, PEO and PAA blocks
are stretched in the mixtures of H,O and THF, but the
hydrophobic block PS is inclined to aggregate. For PEO-b-PS-
b-PAA with PS as the middle block, PEO and PAA blocks
dissolved in water can more efficiently shield the PS segment
from precipitant than the case of PS-b-PEO-b-PAA with PS as
the end block as shown in Scheme 2. For the latter case, PS
segment at one side of the polymer chain is easier to contact
with the water, which is adverse for minimization of the energy;
therefore, PS-b-PEO-b-PAA is more inclined to aggregate at
the same water content. So a higher CWC for PEO-b-PS-b-
PAA was obtained.

In addition, it should be noted that, for PS-b6-PEO-b-PAA,
when the CWC reached to 20%, a sharp jump in the scattering
light intensity was observed regardless of pH value of water.
This phenomenon will be analyzed with a combination of the
following data.
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Figure 2. Scattering light intensity as a function of added water content at 1 mg/mL polymer concentration.

SCHEME 1: Schematic Drawing of the Structures of
Copolymers PS-b-PEO-b-PAA and PEQO-b-PS-b-PAA
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SCHEME 2: Copolymers PS-b-PEO-b-PAA (A) and
PEO-b-PS-b-PAA (B) in Solvent (H,O/THF)
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Hydrodynamic Diameters of Aggregates. Figure 3 contains
plots of aggregates size as a function of added water content at
1 mg/mL polymer concentration for different pH. It was
observed that the aggregates formed by terpolymer PS-b-PEO-
b-PAA exhibited a larger size than PEO-b-PS-b-PAA in all
experimental condition. This may also attribute to the different
block sequence. For PS-b-PEO-b-PAA, the hydrophobic PS
block was at the end of polymer chain, and the hydrophilic PEO
and PAA blocks were on the another side of the chain; thus,
the formed micelles were very similar to that of AB diblock
amphiphilic copolymer as shown in Scheme 3A. However, for
PEO-b-PS-b-PAA with the hydrophobic PS block as the middle
block, it should form similar micelles formed by ABA triblock
copolymers (Scheme 3B). The former micelles formed by
“stretching” polymer chain have larger size than the latter ones
formed through a “curving” mode in the comparable molecular
weight. Similar results were also reported by others.*>

It must be emphasized that, for PS-b-PEO-b-PAA, the average
size of aggregates at 25% (v/v) water content, which was just
above its CWC, was extremely larger than that at other water

contents. This phenomenon corresponds to the sharp jump of
scattering light intensity at the same condition. To explain the
mutation, a further investigation about morphology with TEM
was explored as follows.

Aggregate Morphology of the Copolymers in Mixtures of
H,0 and THF. Figures 4 and 5 show the TEM pictures of the
aggregates of the terpolymers PS-b-PEO-b-PAA and PEO-b-
PS-b-PAA at different water content, respectively (pH value of
the added water was 3.2). For PS-b-PEO-b-PAA, as shown in
Figure 4A—C, the coexistence of micelles with tens of nanom-
eters and vesicles with hundreds of nanometers was observed
at 25% (v/v) water content, which illuminated the mutation in
average aggregate size and scattering light intensity at the same
point. When water content increased to 30% (Figure 4D,E), the
number and size of the vesicles were decreased greatly compared
with spherical micelles on the background. When the water
content reached to 50%, only spherical micelles with tens of
nanometers were obtained (Figure 4F). However, only spherical
micelles formed by terpolymer PEO-b-PS-b-PAA were observed
at all water contents according to Figure 5.

Figure 6 contains hydrodynamic diameter distributions f{(Dy,)
of the aggregates for PS-b-PEO-b-PAA(A) and PEO-b-PS-b-
PAA(B) at different water contents (pH value of the added water
was 3.2). Figure 6A shows PS-b-PEO-b-PAA chains forming
aggregates with bimodal distribution at 25% water content,
corresponding to the coexistence of micelles and vesicles (Figure
4A—C). Although a bimodal distribution could also be observed
at 30%, the integral area of peak with larger size was decreased
greatly compared with the peak at smaller size, which is
coincident with the great decrease of number and size of the
vesicles in TEM images (Figure 4D,E). At 50% water content,
a unimodal distribution of aggregates appeared, corresponding
to only micelles existence in the Figure 4F. For PEO-b-PS-b-
PAA, as Figure 6B shows, the aggregates were constituted by
a unimodal distribution with a peak at D, = 60 nm, which is in
accordance with micelles only in Figure 5.

Traditionally, a lot of researches reported the variation of the
common morphology of the aggregates from spheres to rodlike
micelles, to interconnected rods, and then to bilayers formed
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Figure 3. Aggregate size as a function of added water content at 1 mg/mL polymer concentration.

SCHEME 3: Schematic Representation of the Structures
of the Spherical Micelles Formed by the Two Kinds of
ABC Terpolymers in Dilute Solution

A *moeen T o
PS PEO PAA

by amphiphilic diblock copolymers.***! But the phenomenon
observed from PS-b-PEO-b-PAA system was quite different
from previous references. To explain why the vesicles existed
at relatively low water content (just above CWC), but disap-
peared at high water content, a schematic drawing (Scheme 4)
about the kinetics of morphological transitions vs the water
content was described.

Zhang and Eisenberg® reported the relationship between the
kinetics of morphological transitions and thermodynamic equili-
bration based on the adding rate of water. The main conclusion
could be described as follows: (1) For the aggregates prepared
by the water addition in their system, the kinetics are faster
than the rate of water addition, and micellization will be under
thermodynamic control when water content is below a certain
water content (but above CWC). (2) When the water content
increased, the aggregates can be easily frozen because the
kinetics become slower than the rate of water addition. (3) When
the water content is high enough, the kinetics have become
extremely slow, and the thermodynamic state becomes un-
achievable, so that it is reasonable to postulate that the
aggregates have been frozen completely.

In this article, the relationship between the kinetics and
thermodynamics of morphology transition vs water addition was
adopted to explain the formation of vesicles at 25% water

Figure 4. TEM pictures of the morphologies from the terpolymers
PS-b-PEO-b-PAA at different water contents (pH value of the added
water was 3.2): (A) 25%; (B, C) 25% with high magnification; (D)
30%; (E) 30% with high magnification; (F) 50%.

content for terpolymers PS-b-PEO-b-PAA. Figure 7 is an
analogous schematic drawing of the kinetics of morphological
transitions vs the water content for PS-5-PEO-b-PAA in H,O/
THF. The straight line A’ represents the rate of water addition,
curve B’ represents schematically the relationship between the
water content and the time needed for the system to reach
thermodynamic equilibrium, and Dy’, D,’, and E' represent three
different phases. Because the coexistence of spherical micelles
with tens of nanometers and vesicles with hundreds of nanom-
eters was observed at 25% water content, which was just above
its CWC (20%), it is postulated that the kinetics of aggregates
transition was always slower than the rate of water addition.
For the present system (PS-b-PEO-b-PAA), water contents 25%
and 30% correspond to D;" and D,' in Figure 7. It means that
the system needs a period of time to reach thermodynamic
equilibration; the time may be a few hours or a couple of days.
When the water content increased to 50%, the kinetics have



Downloaded by CAUL CONSORTIA AUSTRALIA on July 10, 2009
Published on December 3, 2008 on http://pubs.acs.org | doi: 10.1021/jp8053444

Self-Assembly of ABC Terpolymers

16459

J. Phys. Chem. B, Vol. 112, No. 51, 2008

»
M
% LA 15 50%
A 25% 30% ()
0 -~ ~
a 82 o
N
" s
o . o
6 200 400 s00 890 1000 1200 1400 1600 200 40 600 800 1000 1200 1400 1800 200 400 600 800 1000 1200 1400 160
D mm © o mm
" b " 40 o
o
B 50%
I S L )

Djnm D, inm

Figure 6. Hydrodynamic diameter distributions f(Dy,) of the aggregates at different water content (pH value of the added water was 3.2): (A)

PS-b-PEO-b-PAA (slit: 35 um); (B) PEO-b-PS-b-PAA (slit: 100 um).

SCHEME 4: Schematic Representation of the Structures
of Vesicles

become extremely slow, and the thermodynamic state becomes
unachievable, which suggests that the aggregates have been
frozen completely (Figure 7E’). That is why only spherical
micelles can be observed in Figure 4F, and the size of spherical
micelles is nearly the same it was obtained at the relatively lower
water content (Figure 4A—C).

A tentative molecular packing model for the walls of the PS-
b-PEO-b-PAA vesicles is shown in Scheme 4. In monolayer
model, each PS-b-PEO-b-PAA molecule behaves as an am-
phiphilic diblock copolymer (AB type); therefore, the vesicle
aggregates have an internal layer consisting of the PS core and
outer shells of PEO-b-PAA as a result of the hydrophobic
interaction. For PS;,5-b-PEO7-b-PA A4, the contour length of

60 o
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Figure 7. Relationship between morphological transitions vs the water
content (PS-b-PEO-b-PAA in H,O/THF).

PS block is estimated to be <28 nm by L = NI, where [ is the
length of repeat unit of PS block; its value is 0.25 nm, and N
is the total number of units.** The total length of a bilayer
structure of PS block approximately reaches to 56 nm, which
is approachable to the thickness of the vesicle walls (50 nm)
from TEM (Figure 4A—C). Thus, it could be concluded that
the walls of vesicles showed a bilayer structure as indicated in
Scheme 4. Similar structures were also observed by Zhou** and
Battaglia.¥

The morphologies of PS-b-PEO-b-PAA and PEO-b-PS-b-
PAA at different water contents with different pHs (5.4 and
8.3) are shown in the Supporting Information; the results are



Downloaded by CAUL CONSORTIA AUSTRALIA on July 10, 2009
Published on December 3, 2008 on http://pubs.acs.org | doi: 10.1021/jp8053444

16460 J. Phys. Chem. B, Vol. 112, No. 51, 2008

consistent with what has been discussed at pH = 3.2. The block
sequence of terpolymers may induce a different mechanism of
morphology transition, and the concerned investigation is
undergoing.

Conclusions

Based on the two terpolymers PS-b-PEO-b-PAA and PEO-
b-PS-b-PAA with the same component, comparable molecular
weight, but different block sequence, the influence of block
sequence on the self-assembly of ABC terpolymers in selective
solvent was investigated. It was found that a lower CWC and
larger aggregate size were obtained for PS-b-PEO-b-PAA due
to the different block sequence. When the water content reached
25%, vesicles and spherical micelles coexisted for PS-b-PEO-
b-PAA, while the number and size of the vesicles decreased
greatly as the water content increased, and vesicles disappeared
as water content above 35%. But only spherical micelles were
observed at all experimental conditions for PEO-b-PS-b-PAA.
The relationship between the kinetics of morphological transi-
tions and thermodynamic equilibration was used to explain this
phenomenon. In our system, the kinetics of morphological
transitions was always slower than the rate of water addition
and became slower and slower with increase of water content.
When water content was high enough, the thermodynamic state
becomes unachievable. In conclusion, the aggregate behavior
is influenced greatly by block sequence of ABC triblock
copolymers.
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