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ABSTRACT: This paper describes a controllable vesicle formation of a diblock copolymer of poly(ethylene
oxide)-block-polybutadiene (PEO-b-PB) and a homopolymer of poly(acrylic acid) (PAA) in a solvent mixture of
THF andn-dodecane. The number-average molecular weights (Mn) of both the PEO and PB blocks are 5100
g/mol; the weight-average molecular weight (Mw) of the PAA is∼2000 g/mol. The assembly is driven by the
hydrogen-bonding complexation between the complementary binding sites on PEO and PAA. The vesicles can
load PAA far above the stoichiometrical monomer ratio of PAA to PEO ([AA]/[EO]). At 0.85e [AA]/[EO] e
2.5, unilamellar vesicles (ULVs) with a constant membrane thickness of 16 nm are obtained in a controllable
manner, of which the surface area increases linearly with [AA]/[EO]. Further increasing [AA]/[EO] above 3
results in the formation of multivesicular vesicles (MVVs). The PAA chains in ULVs are uniformly inserted into
membranes with a direction preferentially perpendicular to the interface. When the PB blocks are unable to
sufficiently cover the interface and the PEO blocks do not interact homogeneously with PAA chains, the MVVs
form.

Introduction

Block copolymers in the solvents that are selective for one
of the blocks may exhibit fascinating self-assembly behaviors,1

wherein spherical and cylindrical micelles, lamellae, and vesicles
are usually observed. Of particular interest is how to control
the polymer assembly in solutions. Thermodynamically, the
delicate balance among the interfacial energy of the soluble/
insoluble interface, intercoronal chain interactions, and entropy
loss due to the insoluble blocks packed into aggregate micro-
domains determines the final structure of assemblies. Therefore,
the effective ways to modulate the balance include varying
chemical structures, compositions, and architectures of
copolymers2-9 and the solution conditions (concentration,
temperature, solubility, pH, ionic strength, etc.).10 Recent
advancement has demonstrated that the interpolymer complex-
ation can also induce polymer assembly in solutions.11-13 An
interpolymer complexation can change significantly in terms
of the polymer solubility and conformation, which facilitates
the intercomplex aggregation.14 The interactions can be elec-
trostatic interaction,11 hydrogen bonding,11f,12 metal-ligand
coordination bond,12a,13etc. Obviously, taking advantage of such
strong secondary interactions, one may greatly enhance the
ability toward manipulating novel and well-defined ordered
structures in a nanometer scale and explore considerable
potentials amenable to practical applications.

In this study, we report the vesicle formation15 in a blend
solution containing a diblock copolymer of poly(ethylene oxide)-
block-polybutadiene (PEO-b-PB) and a homopolymer of low

molecular weight poly(acrylic acid) (PAA). The assembly is
driven by the hydrogen-bonding complexation between the
complementary binding sites on PEO and PAA. Such complex-
ation has been well studied,14 yet remains as an interesting topic
so far.16 In the PEO/PAA solution and solid state as well, a
stoichiometrical process with the molar ratio of the two repeating
units, [AA]/[EO], close to 1 was identified.14 Therefore, one
can expect that the interpolymer hydrogen bonding between
PAA and PEO-b-PB will readily lead to some sort of supramo-
lecular assembly (which is vesicle here) around the stoichio-
metrical point. Interestingly, our blend system presents unila-
mellar vesicles (ULVs) when [AA]/[EO] varies from 0.8 to 2.5.
At a higher [AA]/[EO], multivesicular vesicles (MVVs) appear,
where many nonconcentric small (daughter) vesicles reside in
a much large (mother) one.17 Combining the dynamic light
scattering (DLS) and transmission electron microscopy (TEM),
we quantitatively describe the vesicle morphology change as a
function of the PAA content. The work is concerned with where
the PAA chains are accommodated and at what condition the
ULVs are stable.

Experimental Section
The detailed synthetic procedure and the chemical characteriza-

tion of the PEO-b-PB diblock copolymer were reported elsewhere.18

The PB block was obtained through the anionic polymerization of
butadiene in cyclohexane usingn-butyllithium as the initiator and
thus is 1,4-structure dominant. The diblock copolymer possesses a
number-average molecular weight (Mn, measured by1H NMR,
Bruker ARX400 spectrometer) of 5100 g/mol for both the PEO
and PB blocks, and its polydispersity (Mw/Mn, measured by GPC,
Waters 150) is 1.06. The PAA with a weight-average molecular
weight (Mw) of ∼2000 g/mol was purchased from Aldrich and
was used as received. To obtain the solution assembly of the
PEO-b-PB and PAA, the two polymers were first dissolved in a
common solvent of THF, with an initial diblock concentration of
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2.5 mg/mL. The weight ratio of the PAA/PEO-b-PB (WA/WEB)
ranged from 0.7 to 10, i.e., [AA]/[EO] from 0.85 to 12.2 ([AA]/
[EO] ≈ (WA/72)/(0.5× WEB/44), where 72 and 44 are the molar
masses of the repeating units of PAA and PEO and 0.5 is the weight
fraction of the PEO in the diblock). Under moderate mechanical
stirring, n-dodecane, a selective solvent for PB but a poor solvent
for both PEO and PAA, was then gradually dropped into the clear
solution until the volume ratio ofn-dodecane/THF (v/v) reached
10:1. The mixture was stirred for more than 24 h at room
temperature. For comparison, we also addedn-dodecane to the THF
solutions of the pure PAA and PEO-b-PB with the concentrations
of 2.5 mg/mL.

DLS experiments were performed with a spectrometer (ALV/
DLS/SLS-5022F) equipped with a multi-τ digital time correlation
(ALV5000) and a cylindrical 22 mW uniphase He-Ne laser (λ0 )
632 nm). All measurements were carried out at 25°C, with a
detection angle of 90°. Before mixing, the THF solutions of PAA/
PEO-b-PB andn-dodecane were filtered through 0.45µm Millipore
filters. The viscosity (η) and refractive index (n) of n-dodecane/
THF (v/v 10:1) were measured to be 1.174 cP and 1.419,
respectively. The scattering intensity autocorrelation functions were
analyzed by using the methods of Contin and Cumulant.

TEM experiments were performed using a JEM-200CX micro-
scope with an accelerating voltage of 120 kV. The samples for
TEM were prepared by depositing the blend solutions onto copper
grids that were precoated with a thin film of Formvar and then
coated with carbon, which were dried freely at ambient conditions
followed by in a vacuum for days. Some samples were stained with
OsO4 vapor for 8 min before examined under TEM.

Results and Discussion

When n-dodecane was added into the THF solution of the
pure PAA, the PAA was easily precipitated out atn-dodecane/
THF (v/v) of around 1:2. In contrast, the addition ofn-dodecane
made the blend solutions of the PAA/PEO-b-PB become bluish
at n-dodecane/THF (v/v) of 10:1. ForWA/WEB e 3, the bluish
solutions were stable for over months. When 3< WA/WEB <
8, only trace amounts of white precipitates appeared 48 h later
after the stir was stopped. IfWA/WEB g 8, the precipitation from
the bluish solutions became obvious. The bluish hue of the blend
solutions implies that the PAA chains have incorporated with
the PEO-b-PB diblocks to form small aggregates. Sincen-
dodecane is a selective solvent for PB, the aggregates should
comprise the shells of soluble PB blocks and the dense insoluble
cores of the mixed PEO and PAA. In the THF solutions, the
hydrogen bonding between the PAA and PEO block may not
exist as THF destroys the interaction. Addingn-dodecane can
progressively turn the medium to be poorer and eventually lead
to coprecipitation of the PAA and PEO forming the cores of
the aggregates. We consider that the coprecipitation can arise
from the interpolymer hydrogen bonding. Our FT-IR experi-
ments confirmed that the hydrogen bonding between the ether
oxygens of PEO blocks and the carboxylic acid groups of PAA
existed in the solid state of the PAA/PEO-b-PB blend. Compared
with the pure PEO-b-PB, theν(C-O-C)asym band center of
the PEO blocks in the mixture shifts from 1115 cm-1 to a
lower wavenumber of 1105 cm-1.19a On the other hand, the
carbonyl absorption band of PAA at 1724 cm-1 in the mixture
is 10 cm-1 higher than that in the pure PAA.19b-d

The small aggregates in the blend solutions withWA/WEB e
3.0 were investigated via DLS at room temperature. Figure 1
illustrates the apparent hydrodynamic radius (Rh) distributions
of the PAA/PEO-b-PB aggregates as a function ofWA/WEB. For
comparison, Figure 1 also includes the DLS result of the pure
PEO-b-PB in then-dodecane/THF (v/v) 10:1). For each blend
solution, the size distribution consists of a single peak with a
relative line width (µ2/Γ2) smaller than 0.1. The unimers of the

diblock copolymer and the PAA withRhs smaller than 10 nm
were not detected, indicating that most polymers are incorpo-
rated into the aggregates. The narrow size distribution further
implies the well-defined structures of the small aggregates.
While the pure PEO-b-PB gives the peak position ofRh at 20
nm, the blend solutions present much largerRhs around 100
nm. Moreover, the peak of the blend solution shifts monotoni-
cally toward higherRh with the increasing PAA content (also
see Table 1).

The morphology of the assemblies was examined under TEM
after the complete removal of solvents. The pure PEO-b-PB
formed spherical micelles in the solvent mixture (see Supporting
Information), but the morphology of ULV was observed for
the blend solutions at 0.7e WA/WEB e 2. Figure 2a presents a
pristine TEM image withWA/WEB ) 0.70. The vesicular
structure is evidenced from a higher transmission in the center
of the aggregates than around their periphery. For more structure
details, Figure 2b ofWA/WEB ) 2.0 shows a typical morphology
of ULVs after stained by OsO4 vapor. Since OsO4 stains the
PB blocks more heavily due to the presence of unsaturation,
the outer and inner PB layers of the vesicular membranes look
darker than the cores of PAA/PEO complexes. The membrane
possesses an overall thickness (L) of ∼16 nm, wherein the core
is nearly 8 nm. As the PEO blocks withMn ) 5100 g/mol has
an unperturbed end-to-end distance (r0) of ∼4 nm, the core
thickness of 8 nm indicates that the membrane is a bilayer or a
partially interdigitated structure with the PEO blocks extended
to a certain extent when the PAA/PEO complexation is formed.
Our TEM results have confirmed that the vesicle size increases
whenWA/WEB changes from 0.70 to 2.0. However, theL remains
nearly constant at 16 nm.

For the stoichiometric mixture of the PAA and PEO, a fair
long continuous linear succession of hydrogen bonds between
monomer units of the PAA and PEO may result in a ladderlike
structure. According to Antonietti and Fo¨rster,15b such a
complexation will restrict the intermolecular conformation and
lead to a preferred parallel alignment, facilitating the formation

Figure 1. Hydrodynamic radius distributions (f (Rh)) of the PAA/PEO-
b-PB in n-dodecane/THF (v/v) 10:1) at different values ofWA/WEB.
The f (Rh) of the pure PEO-b-PB is also shown.

Table 1.Rh, NEB, and s at Different WA/WEBs

WA/WEB 0.70 0.82 1.0 1.5 2.0 3.0
[AA]/[EO] 0.85 1.00 1.22 1.83 2.44 3.67
Rh (nm) 100 102 109 122 127 131
NEB (×10-4)a 5.9 5.7 6.0 6.1 5.6 4.5
s (nm2/block)b 3.60 3.85 4.23 5.29 6.35 8.47

a NEB ) the average number of PEO-b-PB molecules per vesicle,
calculated by eq 1a.b s ) the average surface area per PB block, calculated
by eq 2.MEB is 10 200 g/mol,L is 16 nm, andF is assumed to be 1 g/cm3.
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of vesicles. It is of interest to find how the PAA chains are
incorporated into the vesicles at [AA]/[EO] above the stoichio-
metrical point. One may speculate that the excess PAA chains
are accommodated at the center portions of membranes. In this
case, the membrane thickness will increase with the PAA
content, but our experimental observation of the constantL of
ULVs precludes this possibility. Most likely, the PAA chains
are uniformly inserted into the membrane cores with a direction
more or less perpendicular to the interface. Frank et al. reported
that, in aqueous solutions of the PEO and PAA with the
molecular weights similar to our samples, the aggregation of
PEO along PAA occurred in a homogeneous way until [AA]/
[EO] ) 2-3.16a For the ULVs in this study, we consider that
the PEO blocks in the membranes also interact homogeneously
with the surrounding PAA chains.

Figure 3 depicts a schematic draw of a bilayer ULV with a
constantL. We assume that the average number of PEO-b-PB
molecules per vesicle (NEB) is simply equal to the ratio of the
total number of the diblock molecules (i.e.,NAWEB/MEB) to the
total number of the vesicles (Nv), where NA and MEB are
Avogadro’s number and molar mass of the PEO-b-PB, respec-
tively. The radius of outer periphery (R in Figure 3) can be
represented by theRh at the peak position measured by DLS.
SinceL is much smaller thanR, we take 4π(Rh - L/2)2L as an
approximation to the vesicle volume and calculateNv ) (WA

+ WEB)/[4π(Rh - L/2)2LF], where F is the density of the

membrane that is close to 1 g/cm3. Accordingly, we have

whereC ) 4πNALF/MEB is nearly a constant. Figure 4 presents
a double-logarithmic plot of (Rh - L/2) vs (1+ WA/WEB). Up
to WA/WEB ) 2.0, the linear line representing a least-squares
fitting yields a slope of 0.48, close to the theoretical datum of
0.5. This manifests that the surface area of ULVs is linearly
proportional toWA/WEB, i.e., [AA]/[EO]. Furthermore, theNEB

should be almost a constant. The calculated values ofNEB shown
in Table 1 are indeed close to each other whenWAA/WEB varies
from 0.7 to 2. The results suggest that the vesicle formation
might be close to equilibrium, which can be attributed to the
balance between the mixing entropy that favors more vesicles
and the molar bending energy that tends to reduce the vesicle
numbers.15b

As we fix the initial concentration of the diblock copolymer,
the constantNEB indicates thatNv should be also a constant

Figure 2. Typical TEM images of PAA/PEO-b-PB ULVs: (a) pristine
sample ofWA/WEB ) 0.7; (b) OsO4 stained sample ofWA/WEB ) 2.0.

Figure 3. Schematic illustration of a bilayer ULV of PAA/PEO-b-
PB. When [AA]/[EO] > 1, the excess PAA chains are uniformly
inserted into the membrane core between the diblocks.

Figure 4. Double-logarithmic plot of (Rh - L/2) vs (1 + WA/WEB).
The inset shows the reduced tethering density (σ) of PB as a function
of WA/WEB.

NEB )
NAWEB

MEBNV
≈ NA

MEB

4π(Rh - L/2)2LF
1 + WA/WEB

(1a)

Rh - L/2 ≈ (NEB

C )1/2(1 +
WA

WEB
)1/2

(1b)
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(see eq 1a). When more PAA chains insert into the ULV with
NEB, the average surface area per PB block (s) will increase,
resulting in a larger vesicle radius. The relationship betweens
and PAA content is rather simple:

where the prefactor 2 counts the two surfaces of the membrane,
and (2MEB)/(NALF), in fact, is the value ofs if the pure PEO-
b-PB forms a bilayer lamella with the thickness ofL. The
calculateds is also listed in Table 1. The linear relationship in
eq 2 makes our system different from the core-shell structures
of microemulsion or spherical latex particles, wheres is a
constant.20 We consider thats is one of the key factors that
determines whether a ULV can be stabilized. Whens increases,
the PB blocks in the shell may undergo a conformation change
from “brushes” to “mushrooms”. It is reported recently, for
polymer chains tethered on a lamellar surface, the onset of chain
overcrowding in solution occurs at a critical value of the reduced
tethering density (σ) of 3.7-3.8.21 The reduced tethering density
is defined asσ ) πRg

2/s, whereRg is the radius of gyration of
the soluble chains under specific experimental conditions. Since
we do not have the exactRg of the PB withMn ) 5100 g/mol
in n-dodecane/THF (v/v) 10/1), we use theRg of 2.5-3 nm
to estimate theσ. The inset of Figure 4 presents theσ as a
function ofWA/WEB. ForWA/WEB e 2, the calculatedσ exceeds
the critical value proposed in ref 21. This implies that the PB
blocks in shells are overcrowded and, therefore, can well protect
the underneath PAA/PEO complexes. However, forWA/WEB )
3.0, the PB blocks enter the noninteracting (“mushrooms”)
regime. In this case, thes probably becomes too large to be
fully covered by the PB blocks, making the ULVs unstable.
This may be responsible for the deviation from the linear
relationship atWA/WEB ) 3.0 in Figure 4.

Another possible reason for the ULVs becoming unstable is
that the PAA and PEO blocks are no longer mixed homoge-
neously atWA/WEB > 2, i.e., [AA]/[EO] > 2.5 in our system.16a

As mentioned earlier, precipitates appeared from the solutions
whenWA/WEB exceeded 3, which might be pure PAA or some
large aggregates of the PAA/PEO-b-PB that were kinetically
trapped and could not retain longer in solutions (see Supporting
Information). We therefore focus on the assemblies in the stable
bluish solutions atWA/WEB g 3. As shown in Figure 5, the
MVVs of the PAA/PEO-b-PB are observed. Such a vesicle
structure can be formed in small molecular surfactants under
certain experimental conditions,17 but is few in polymer
systems.22 Figure 5a is a TEM image of the sample atWA/WEB

) 4, illustrating the coexistence of ULVs with a few MVVs.
With a continuously increasedWA/WEB, the MVVs gradually
become dominant (see Figure 5b ofWA/WEB ) 10 as an
example). The mother vesicles of MVVs are 200-400 nm in
diameter, with the membrane thickness of nearly 16 nm, similar
to those found forWA/WEB < 3; the daughter vesicles are 50-
70 nm in diameter, with membranes of around 12 nm thick.
The thinner membranes seem to be more flexible, allowing the
formation of smaller vesicles with a higher curvature. We
currently do not fully understand the thermodynamics and
mechanism of the MVV formation. We suspect that within the
daughter vesicles the hydrogen bonding among PAA chains
becomes important.16e As the MVVs only form at highWA/
WEB, the daughter vesicles might be predominantly composed
of PAA.

It is known that copolymer micelles in a selective solvent
can load homopolymer that is miscible with the core-forming

block but insoluble in the solvent. However, the weight fraction
of homopolymer solubilized in micelles based on weak second-
ary interactions is no more than 100 wt %.2b,23Our experimental
results reveal that, with the help of specific interaction of
interpolymer hydrogen bonding, the resultant PAA/PEO-b-PB
vesicles can load the PAA homopolymer in large amount. For
the ULVs with a bilayer structure, the core thickness is mainly
determined by the length of PEO blocks. We may expect that
if longer PEO blocks are used to form thicker membrane cores,
the ULVs will incorporate more PAA chains when the two
complementary chains interact in a homogeneous way. On the
other hand, according to the critical reduced tethering density
argument, increasing the molecular weight (and thus increasing
the Rg) of the PB blocks may also lead to more PAA chains
inserted into the ULVs. Since the MVVs can form at high PAA
content, the assembly of the PAA/PEO-b-PB demonstrates a
greatly enhanced ability of loading PAA.

Summary

We have successfully induced the vesicle formation of the
PAA/PEO-b-PB in solution based on the interpolymer hydrogen-
bonding complexation between PAA and PEO. The vesicles
can load PAA far above the stoichiometrical [AA]/[EO]. For
0.70e WA/WEB e 2.0, i.e., 0.8e [AA]/[EO] e 2.5, the ULVs
with membrane thickness of∼16 nm are obtained in a
controllable manner. The surface area of ULVs is linearly

s≈ 2
4π(Rh - L/2)2

NEB
) 2

MEB

NALF(1 +
WA

WEB
) (2)

Figure 5. TEM images of OsO4 stained samples obtained from the
bluish solutions ofWA/WEB at (a) 4.0 and (b) 10.0.
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proportional toWA/WEB. The excess PAA chains are uniformly
inserted into membranes with a direction preferentially perpen-
dicular to the interface, leading to the increase in the surface
area per PB block. The ULVs are stable when the PB blocks
tethered on the interface are overcrowded. WhenWA/WEB is
above 2, the MVVs appear. We expect that tuning the sizes of
PB and PEO blocks can be an effective way toward controlling
the vesicles of PAA/PEO-b-PB. We also consider that the simple
strategy of polymer vesicle formation reported here may provide
a clue to explore possible applications in drug delivery systems,
medical implantation, nanostructure fabrications, etc.
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