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Abstract Random and reversible addition-fragmentation
chain transfer (RAFT) copolymerizations of methacrylic acid
(MAA)/acrylamide (AAm), MAA/styrene (St), and MAA/4-
vinyl pyridine (4VP) were carried out in ethanol. (CPDB)-
terminated PMAA (PMAA-CPDB) and 2,2 ′-azobis
(2,4-diemthylvaleronitrile) (V-65) was used as the macromo-
lecular chain transfer agent (CTA) and initiator, respectively.
Electric conductivity of copolymerization systems was traced
throughout the polymerizations, and charges of soluble copol-
ymer and particles were detected. As a result, a considerable
increase of conductivity was observed in all of the RAFT
polymerization systems, whereas the variation of conductivity
in the random copolymerization systems was insignificant.
The high conductivity of RAFT polymerization was domi-
nantly contributed by the soluble diblock copolymers in the
serum, rather than their particles, except for P(MAA-b-4VP)
where only the particles was obtained due to the zwitterionic
interactions of PMAA segments and 4VP. In the direct current
(DC) field, the behavior of these soluble diblock copolymers,
P(MAA-b-AAM) and P(MAA-b-St), indicated that they were
positively charged, whereas the particles of (PMAA-b-AAm)
and P(MAA-b-4VP) were surprisingly negatively charged,
though the composition of MAAwas dominant. Soluble ran-
dom copolymers of P(MAA-co-St) and P(MAA-co-4VP) rep-
resented the charge neutrality. These results indicated that the
positive charges were contributed by the solvophobic block in

the soluble diblock copolymers. Therefore, the diblock copol-
ymers were the macrodipoles boosting the conductivity of
solution. Meanwhile, it indicated that the electrostatic interac-
tions of dipoles were possibly the main driving force of their
self-assembly. Generally, compared with RAFT polymeriza-
tion, the particles were hard to be prepared in the random
copolymerization. It implies that the electrostatic interactions
of diblock copolymers also played an important role in the
particle formation.

Keywords Electric conductivity . Amphiphilic diblock
copolymer . Self-assembly . Poly(methacrylic acid)

Introduction

Self-assembly of amphiphilic diblock copolymers to form
spherical micelles, worms/rods, lamellae, toroids, vesicles,
etc. is well known. The ordered polymeric nanostructures
buildup the basis of soft nanotechnology and have presented
many potential applications in different fields [1–4]. However,
a limitation is obvious in the fabrication of nanostructures by
self-assembly. For example, in order to control the self-
assembly process, the formation of nanostructures is typically
only conducted in a very dilute solution (<1 % solids), using
processing techniques such as dialysis, a pH switch, or thin
film rehydration [5–8]. Therefore, there is a strong interest in
applying the principle of polymerization-induced self-
assembly, i.e., create the nanostructures in situ and in a large
scale, for the production of nanostructures. The conventional
emulsion polymerization and dispersion/precipitation poly-
merization are the well-known approaches that both of them
can produce the monodispersed nanoparticles in a large scale
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[9, 10]. Hence, it is a good strategy to incorporate the synthetic
approaches of diblock copolymers, e.g., ATRP, RAFT poly-
merization, etc. into the emulsion or precipitation copolymer-
ization. Recently, a breakthrough has beenmade in this aspect,
namely various nanostructures have been prepared by RAFT
emulsion or dispersion/precipitation polymerizations [11–13].
For example, Charleux et al. have prepared the well-defined
diblock copolymer micelles, worms, or vesicles by employing
an efficient RAFT- and NMP-mediated aqueous emulsion
polymerization [14–16]. Pan et al. have developed the
RAFT nonaqueous precipitation polymerization to synthesize
a wide range of nanostructures in alcohol by using polystyrene
as a core-forming block combined with various alcohol-
soluble stabilizer blocks [11, 17, 18]. Most recently, this
method has been further developed to other core-forming
polymerization systems [12, 19–21].

However, a mechanistic challenge arises from the great
success in the preparation of nanostructures by using the
conventional emulsion or dispersion/precipitation polymeri-
zations. Mechanistically, the self-assembly process of amphi-
philic diblock copolymers in selective solvents are considered
as follows: (1) the insoluble components of macromolecules
associate due to the hydrophobic or solvophobic interactions,
giving rise to multichain aggregates; (2) the soluble compo-
nents ensure the thermodynamic stability of the multichain
aggregates in the solution. A typical example is a spherical
micelle formed by diblock AB copolymer in a selective sol-
vent. In such an aggregate, the micellar core composed of
insoluble blocks B is surrounded by the corona of blocks A
swollen by solvent, and the core-corona interface is narrow
compared to the sizes of core and coronal domains. Based on
this mechanism of self-assembly, two theoretical models have
been proposed, i.e., the self-consistent field (SCF) methods
and the scaling theory of polymer solutions [22, 23].
However, as we know, the polymerization methods such as
the emulsion polymerization, precipitation/dispersion poly-
merization, etc., are conventional to both the industrial pro-
duction of (co)polymers and the academic studies of the free-
radical homopolymerization or random copolymerization. It is
well known that in most cases the particles or microspheres
are prepared by these methods [9, 10, 24–33]. In addition, the
various morphologies of particles have been observed such as
the common spheres [24–27], the half-spheres [28, 29], the
dumbbell/egg-like particles [30], the hollow particles [31], the
onion-like particles [32], etc. [33]. Mechanistically, these
morphologies are considered to be the results of polymeriza-
tion within the mini-/microdroplets of monomer preexisting in
the systems of conventional emulsion or dispersion/
precipitation polymerizations [9, 10]. That is to say, the pre-
cursor of hydrophobic or solvophobic core is originally a
monomer droplet. Therefore, the difference is obvious. For
example, in the random free-radical emulsion copolymeriza-
tion of two monomers, the core-shell particles are often

prepared where the polymer of relatively hydrophobic mono-
mer forms the core [24, 30], whereas by the RAFT copoly-
merization, various morphologies may be prepared [4–21].
This difference is naturally considered to be resulted from the
different structures of two copolymers, namely that by the
RAFT copolymerization, the diblock copolymer is synthe-
sized, whereas by the random copolymerization, the random
copolymer is produced. Hence, it is necessary to investigate
the properties of two copolymers.

Electric conductimetry is a common method to evaluate
the amphiphilic behavior of surfactant and copolymer as
well, for instance, the critical micellization concentration
(CMC) of diblock copolymer [34]. The conductivity
abruptly decreases as soon as the aggregation of diblock
copolymers takes place since the free ions are hypotheti-
cally bound by the aggregations. Recently, this method has
been developed to trace the particle formation in the soap-
free emulsion polymerization of styrene [35] and the pre-
cipitation polymerization of MAA/AAm in ethanol
[36, 37]. In these polymerization systems, however, it is
observed that the conductivity abruptly increased as soon as
the polymerization started, even though the water-insoluble
initiators were used [35]. Moreover, even after the particles
were born, the conductivity still continued to increase
though the rate of increase declined. It is attributed to the
soluble polymer or random copolymer generated in the
continuous phase. According to the conventional mecha-
nism of particle formation, the hydrophobicity of polysty-
rene increases as the chain grows [38]. At the critical
length, the chains will precipitate from the continuous
phase and then coagulate. Aforementioned above, this
mechanism is also applied in the mechanistic explanation
of self-assembly of diblock copolymer. Because the de-
crease of conductivity was not observed in the soap-free
emulsion polymerization of styrene and the precipitation
polymerization, a question is brought up, i.e., if it is possi-
ble for the polymer such as polystyrene in situ created in the
continuous phase of soap-free emulsion polymerization to
propagate to so long enough to aggregate. This question is
also important for understanding the self-assembling be-
havior of diblock copolymer in situ generated in the RAFT
precipitation polymerization. Therefore, the variation of
conductivity provides the new information for elucidating
the mechanism of particle formation and self-assembly of
diblock copolymers.

In this paper, methacrylic acid (MAA) will be selected as
the soluble component to copolymerize with acrylamide
(AAm), styrene (St), and 4-vinyl pyridine (4VP) in ethanol.
The features of these monomers are as follows: AAm is
soluble in ethanol and interacts with both MAA and ethanol
by hydrogen-bonds, but PAAm is solvophobic; PSt is only
solvophobic; Both 4VP and P4VP are soluble in ethanol and
interact with MAA. Electric conductivity of random and
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RAFTcopolymerization (PMAA as CTA) of MAAwith these
three monomers will be traced throughout the polymerization
and charges of species in the copolymerization will be tested.

Experimental

Materials

All the chemical reagents used in this paper were purchased
from Sinopharm Chemical Reagent Co. Ltd., Shanghai,
China. Methacrylic acid (MAA), styrene (St), and 4-vinyl
pyridine (4VP) were purified by distillation under the reduced
pressure. Anhydrous ethanol was HPLC grade. The chain
transfer agent (CTA), 4-cyanopentanoic acid dithiobenzoate
(CPDB) (analytic grade), and the free-radical initiator, 2,2′-
azobis(2,4-diemthylvaleronitrile) (V-65) (analytic grade) were
used without further purification.

Polymerizations

All copolymerizations were performed in a four-necked
100-ml flask equipped with a thermometer, a condenser
(also outlet of N2), an inlet of N2 gas, and an inlet for the insert
of electric conductometer probe. The flask was settled in a
thermostat water bath. V-65was dissolved in ethanol and added
into the polymerization system through the inlet of N2 gas.

The formulated reagents except V-65 were added into the
flask and deoxygenated by N2 bubbling for 1 h at room
temperature. After the temperature of water bath was elevated
to 60 °C, V-65 ethanol solution was charged into the system.
In order to control the variation range of initial conductivity,
the amount of MAA or PMAA-CPDB was always kept at
1 wt%, while the amount of V-65 was constant at 2 wt% based
on the total amount of monomers.

All of the final conversions of copolymerizations and
RAFT polymerizations were more than 80 %.

PMAA-CPDB was prepared as follows: the molar ratio
was MAA/CPDB/V–65=10,00/5/1 and the concentration of
MAA was 25 wt% in ethanol. After all reagents were added
into the flask, the system was deoxygenated by N2 bubbling
for 1 h at room temperature. The polymerization was carried
out at 65 °C for 6 h. The transparent solution of polymeriza-
tion system was turned into the pink viscous solution.
Anhydrous ether was used to precipitate and wash the poly-
merization product. The product was characterized by
1HNMR, Fourier transform infrared spectroscopy (FT-IR),
and gel permeation chromatography (GPC). Figure 1 shows
the spectra of CPDB and product. It was clear that, as shown
in Fig. 1, PMAA-CPDB was successfully synthesized. The
peaks of stretch vibrations of C═S (1,166 cm−1) and C–S
(697 cm−1) in the FT-IR spectrum further confirmed that the
product was PMAA-CPDB. The molecular weight of product

measured by GPC were Mw=7,000 and Mn=6,080, respec-
tively. PMAA-CPDBwas dried in vacuum for 2 days and kept
in a refrigerator (0 °C) before it was used.

Characterizations

A digital electric conductometer with the accuracy of
±0.001 μS (DDS-308A, Morechina Electronics Co. Ltd,
Shanghai, China) was employed for the measurement of con-
ductivity, while the polymerization systems were stirred by a
magnetic stirrer. The conductivity of system was automatical-
ly on-line recorded (one data per 5 s) as soon as the
deoxygenating N2 bubbling started and throughout the suc-
cessive polymerization. The scanning microscopy (SEM)
(JSM-6360LV JEOL, Japan) and transmission electron mi-
croscopy (TEM) (Hitachi H-765, Hitachi Co. Ltd, Tokyo,
Japan) images of particles were taken, which the preparation
of samples was described elsewhere [9, 10]. A direct current
(DC) power with the carbon electrodes was employed to setup
DC field in the solution (maximum voltage 150 V, maximum
currency 2 mA; type 1902; Shanghai Shengyuan Electronic
Tech. Co. Ltd. Shanghai, China). The DC field was loaded by
using voltage of 100 V and electric currency of 0 mA.

Results and discussion

Electric conductivity of random copolymerization and RAFT
polymerization systems

Precipitation polymerization of MAA/AAm in alcohol has
been well known as the polymerization system to prepare the
pH-sensitivemicrogel. A lot of researches have been conducted
in Kawaguchi’s lab [25–27] and our lab [9, 36, 37]. However,
recently the variation of conductivity in the polymerization
process was traced for the first time [36, 37]. An amazing
was observed that, as shown in Fig. 2, the conductivity of
polymerization system of MAA/AAm abnormally and quickly
increased after the polymerization started. Moreover, the in-
crease rate of conductivity was always slow down as soon as
themicrogels were observable. In contrast, the conductivities of
solution solely containing initiator, V-65, was almost constant
at 60 °C for more than 300 min, though it decomposed. And
also, the conductivity of MAA solution polymerization slightly
increases as the polymerization progressed. Finally, AAm so-
lution polymerization was special. The conductivity signifi-
cantly decreased soon after the precipitation of PAAm coagu-
lum. In our previous work [37], the conductivities of monomer
solutions were detected at different concentrations and temper-
atures. In addition, the conductivity of PMAA ethanol solution
with different concentration of AAm monomer was also mea-
sured. The considerable increase of conductivity was not
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observed in all of the systems. Hence, the results in present
work indicated that the increase of conductivity was specific to
the copolymerization systems of MAA/AAm, regardless to the
dissociation constant of MAA or PMAA. Furthermore, the
post-polymerization system of MAA/AAm was separated by
the ultracentrifugation at 10,000 rpm. As shown in Fig. 3, the
conductivities of serum were about 10.6 μS/cm at 25 °C and
17.8 μS/cm at 60 °C, whereas those of redispersed microgels

were ca. 1.0 μS/cm at 25 °C and 1.5 μS/cm at 60 °C. All of the
conductivities were constant for 120 min. It means that the
conductivity stopped to increase when the copolymerization
was completed. These results clearly indicated that, at first, the
increase of conductivity was resulted from the species in situ
generated in the copolymerization systems, rather than any
foreigners or impurities coming from the surrounding.
Secondly, the high conductivity was dominantly ascribed to

Fig. 1 1HNMR spectra of CPDB
and PMAA-CPDB

Fig. 2 Variation of conductivities
of different polymerization
systems
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the species existing in the transparent serum. The transparent
serum was further checked with the dynamic laser scattering
(DLS), but no scattering object was observed. Therefore, it was
concluded that the most of conductivity was contributed by the
soluble copolymers of MAA/AAm, and a little was by the
microgels.

In order to further confirm this result, the recipes of MAA/
AAm copolymerization in ethanol were formulated delibera-
tively to circumvent the precipitation of copolymers, namely
decreasing the amount of AAm to the utmost. As shown in
Fig. 4, the molar ratio of MAA/AAm was changed from 10/1
to 80/1 while the total concentration of monomers was con-
stant at 5 wt%. It should be noted that these solutions were the
real solutions confirmed by DLS. When MAA/AAm was
smaller than 10/1, for instance MAA/AAm=5/1, the resultant
solution was slightly turbid indicating the precipitation of
copolymers. It is clear that the conductivity increased as the
copolymerization progressed. Moreover, with the increase of
AAm, the conductivity increased. This result proved that the
high conductivity of copolymerization system was did attri-
bute to the soluble copolymers and the more AAm the higher

conductivity was obtained. It is well known that the reactivity
ratios of copolymerization of MAA(1)/AAm(2) is disparate
(r1=1.63, r2=0.57, Polymer Handbook). It is said that quali-
tatively the copolymer chains earlier formed contained less
AAm units, while the later formed chains had more AAm
units. It was the reason that the precipitation was observed
though the amount of AAm was small, for instance, MAA/
AAm=5/1. Nevertheless, this result implies that the increase
of conductivity was likely related to the amount of AAm units
in the soluble copolymer chains. Of course, the quantitative
analysis needs the well-defined structure of copolymer chains.
It was why the RAFT polymerization of AAmwas carried out
by using PMAA-CPDB as CTA, where PMAA-CPDB was
constant at 1 wt%. As shown in Fig. 5, the variations of
conductivity during the RAFT polymerization were similar
to those in the random copolymerization (Fig. 4). For exam-
ple, compared with the conductivity ofMAA-CPDB andV-65
solution (Fig. 5a), the conductivity greatly increased when a

(a)

(b)

Fig. 3 Conductivity of serum and the redispersed solution of
PMAA/AAm particles. a Conductivity at 60 °C. b Conductivity at 25 °C

Fig. 4 Conductivity of copolymerization systems with a small amount of
AAm

Fig. 5 Conductivity of RAFT polymerization of PMAA-CPDB/
AAm. Curve (a) means the system of PMMA-CPDB and V-65 in
the absence of AAm
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little of AAm, e.g., MAA/AAm=10/1 (Fig. 5b), was added in
the RAFT polymerization system. And also, the more AAm
gave the higher conductivity. Additionally, when MAA units/
AAm=1/1, a stage was observed on the curve (Fig. 5d), at
which the conductivity ceased from increase but leveled off.
This is a typical feature of conductivity variation of the poly-
merization systems where the stable microgels formed [36].

As we know, there are three kinds of species contributing to
the conductivity, i.e., electron, ion, and colloidal particle or
globule. In the above polymerization systems, only the ion
was considerable because the conductivity was dominantly
contributed by the soluble copolymer. Therefore, a reasonable
resource of ions seems to come from MAA, namely that the
dissociation of MAA releases H+ and COO−. Accordingly,
AAm units in the copolymer seemed to promote the dissoci-
ation of MAA units. However, this explanation is not support-
ed by the following experimental facts. For example, the
random copolymerization of St(1)/AAm(2) (r1=1.49,
r2=0.33), a similar system to that of MAA/AAm in ethanol,
also gave rise to a dramatic increase of conductivity (not
shown in this paper). PAAm is insoluble in alcohol, thus the
diblock P(MAA-b-AAm) is a typical amphiphile where
PMAA block is solvophilic and PAAm block is solvophobic.
Therefore, the high conductivity was possibly ascribed to the
structure of diblock. This proposition was strongly supported
by the copolymerization systems of MAA/St.

The reactivity ratios of copolymerization indicate that the
random copolymerization of MAA(1)/St(2) (r1=0.38,
r2=0.28) tends to form the real random copolymer.
Figures 6 and 7 show the conductivities of the random copo-
lymerization of MAA/St and RAFT copolymerization of
MAA (PMAA-CPDB)/St, respectively. As shown in Fig. 6,
the variations of conductivity in the random copolymerization
of MAA/St were insignificant compared with those of MAA
and St homopolymerization systems. It indicated that the
random copolymer of P(MAA-co-St) did not boost the con-
ductivity. However, the conductivity was largely magnified in

RAFT polymerization where the diblock copolymer of
P(MAA-b-St) was produced (Fig. 7). P(MAA-b-St) is amphi-
phile in ethanol because PSt is insoluble. On the other hand, as
shown in Fig. 7, the conductivity decreased as the amount of
St increased from 10/1 to 1/5. It was different from that of
MAA/AAm RAFT polymerizations. Here, it should be
remarked previously that when MAA/St=1/2 and 1/5, the
particles were prepared. At MAA/St=1/1, the system of
RAFT polymerization was transparent at the polymerization
temperature, 60 °C, but it changed into turbid at the room
temperature. It indicated that P(MAA-b-St) was thermosensitive.
It was precipitated at the lower temperature. This was possibly
the reason that the conductivity decreased as the component of St
increased in P(MAA-b-St).

As a comparison, the random and RAFT copolymerization
of MAA/4VP were also conducted. In this copolymerization
system, both the monomer and polymer are soluble in ethanol.
A noticeable point was that MAA/4VP formed zwitterions.
Therefore, it was normal that the conductivity increased as the
amount of 4VP increased. However, as shown in Fig. 8a, in
the random copolymerization, the conductivity was almost
constant throughout the copolymerization, irrespective of the
ratios. In contrast, the variation of conductivity was significant
in RAFT polymerization systems. As shown in Fig. 8b, the
conductivity greatly increased as soon as the polymerization
started. The increment of conductivity related to the molar
ratio of MAA/4VP. As MAA/4VP changed from 5/1 to 3/1,
the final conductivity increased from ca 4 μS/cm to about
12 μS/cm, but as MAA/4VP further increased 1/1, the final
conductivity decreased. On the other hand, an important result
should be remarked that, in RAFT polymerization, the parti-
cles were prepared irrespective of the molar ratios, but in the
random copolymerization, the particle was not obtained.

Fig. 7 Conductivity of RAFT copolymerization of PMAA-CPDB/St.
Curve (h), the homopolymerization of St with V-65; curve (f), PMMA-
CPDB, and V-65 in the absence of StFig. 6 Conductivity of random copolymerization of MAA/St
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All these results indicated that the soluble diblock copoly-
mer boosted the conductivity of ethanol solution, regardless to
the chemical nature of solvophobic block. Moreover, the parti-
cles were more easily prepared by RAFT polymerizations.

Charges of species generated in the copolymerization systems

In order to determine the charges of species, the copolymeri-
zation systems were placed in a DC field (100 V, 0 mA) with
carbon electrodes. The results are summarized in Table 1. It
was amazing that, as shown in Fig. 9, both the soluble
poly(MAA-co-AAm) and poly(MAA-b-AAm) were deposit-
ed on the cathode, i.e., negative side of DC field, while the
particles were on the anode or positive side of DC field. In
addition, the deposition of soluble copolymers was reversible,
namely when the DC field was unloaded, the deposited co-
polymers gradually dissolved. In contrast, the deposited

particles were not redispersible spontaneously. It should be
pointed out that a fact was hindered by the deposition of
particles (Fig. 9b), i.e., when the particles were separated by
the ultracentrifugation, the soluble copolymers in the serum
were also deposited on the cathode. Moreover, the conductiv-
ity decreased as the deposition proceeded. These results indi-
cated that the soluble copolymers were positively charged, but
the particles were negatively charged. Furthermore, the nega-
tively charged particles and the positively charged soluble
copolymers simultaneously coexisted in a copolymerization
system.

As for the copolymerization of MAA/St, as shown in
Table 1, it was complicated. In the random copolymerization,
when the molar ratios of MAA/St were in the range from 10/1
to 1/2, the copolymerization systems were transparent.
Meanwhile, the soluble random copolymers of P(MAA-co-
St) were not deposited on any electrode. When the ratios of
MAA/St were 1/5 and 1/10, the copolymerization systems
were turbid. As shown in Fig. 10a, the deposition was found
on both cathode and anode. Further investigated by SEM, it
was observed that on the anode, those were big particles
(beads), while on the cathode, it was membrane of polymer.
It is said, the beads were negatively charged, whereas the
soluble species were positively charged. Because St was
five- and 10-folds of MAA, it was imaginable that PSt seg-
ment should exist in the copolymer chain, besides of the
random block. This result was coincident to that observed in
the system of MAA/AAm.

Inversely, in RAFT polymerization, when the ratios of
MAA/St were from 10/1 to 2/1, the systems were transparent.
As shown in Fig. 11a (upper pictures), P(MAA-b-St) was
reversibly deposited on the cathode, i.e., positively charged.
When MAA/St=1/1, it was interesting that the system was
transparent at the polymerization temperature, 60 °C but tur-
bid at room temperature. This result indicated that P(MAA-b-
St) of MAA/St=1/1 was thermosensitive and the self-
assembly occurred at the room temperature. The SEM photo
of particles formed by self-assembly was shown in Fig. 11a
(bottom pictures). These positively charged particles were
about 50 nm (Fig. 11a). However, when MAA/St=1/2 and
1/5, the particles were prepared. Moreover, these particles
were the charge neutrality (Table 1). Furthermore, as shown
in Fig. 11b, in contrast to the very small (ca. 50 nm) and
relatively monodispersed particles formed by self-assembly
(Fig. 11a, bottom pictures), the particles in situ prepared by
RAFT polymerization were very big, ca. 1,000 nm and
polydispersed.

An interesting result was observed in Table 1. The homo-
polymers of PMAA, PSt, and P4VP did not deposit on any
electrode, namely that they were charge neutrality. However,
adding a small amount of KCl, PMAAwas deposited on the
cathode. It indicated that the insoluble groups of−COOK
exhibited the positive charge (PMAA coagulated at the higher

(a)

(b)
Fig. 8 Conductivity of RAFT copolymerization of PMAA-CPDB/4VP.
a Random copolymerization with V-65. b RAFT block copolymerization
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concentration of KCl). Similarly, the charge neutral particles
of P(MAA-b-St) with MAA/St=1/2 and 1/5, respectively,
were also deposited on the cathode when KCl was added.
This result indicated that there were PMAA segments on the
surface of particles. Combined the result of TEM image, i.e.,
the heterogeneous distribution of composition in the particles
(Fig. 11b, MAA/St=1/5), it implies that the charge neutrality
of particles was possibly ascribed to the heterogeneous distri-
bution of composition.

Furthermore, a surprising phenomenonwas observed in the
random copolymerization systems with MAA/St=1/5 and
1/10 in the presence of KCl. As shown in Fig. 10b, the
negatively charged beads in the absence of KCl moved to
the anode. It was expected since there were PMAA segments
on the surface of beads. However, the porous film was found
on the cathode. Reminiscent of membrane on the anode in the
absence of KCl (Fig. 10a, bottom pictures), this result seems
to say that the charges of soluble P(MAA-co-St) copolymer

(b)

(a)

Fig. 9 Behavior of soluble
P(MAA-co-AAm) and particles
of P(MAA-co-AAm) in DC field.
a Soluble poly(MAA/AAm).
Random copolymerization
system of MAA/AAm (10/1)
(left picture); deposition of
soluble poly(MAA-co-AAm) on
cathode against time
(right pictures). b Particles of
poly(MAA/AAm). Random
copolymerization system of
MAA/AAm (3/1) (left picture);
deposition of poly(MAA-co-
AAm) particles on anode
(middle picture) and SEM photo
of poly(MAA-co-AAm) particles
on anode (right picture)

Table 1 Charges of species gen-
erated in the copolymerization
systems

Substance Negative side Positive side

PMAA N N

P4VP N N

PSt N N

Poly(MAA-co-AAm) (MAA/AAm=10/1−80/1) Deposition N

Poly(MAA-co-AAm) (MAA/AAm=1/2) N Deposition

Poly(MAA-co-St) (MAA/St=10/1, 5/1, 1/1, 1/2) N N

Poly(MAA-co-St) (MAA/St=1/5, 1/10) Deposition Deposition

Poly(MAA-b-St) (MAA/St=10/1,2/1,1/1) Deposition N

Poly(MAA-b-St) (MAA/St=1/2,1/5) N N

Poly(MAA-co-4VP) (MAA/4VP=10/1) Deposition N

Poly(MAA-co-4VP) (MAA/4VP=2/1,1/1,1/5,1/10) N N

Poly(MAA-b-4VP) (MAA/4VP=5/1,4/1,3/1,2/1) Deposition N

Poly(MAA-b-4VP) (MAA/4VP=1/1) N Deposition

PMAA/KCl Deposition N

P4VP/KCl N N

Poly(MAA-co-St)/KCl (MAA/St=10/1−1/2) Deposition N

Poly(MAA-co-St)/KCl (MAA/St=1/5,1/10) Deposition Deposition

Poly(MAA-b-St) /KCl (MAA/St=10/1,2/1,1/1) Deposition N

Poly(MAA-b-St)/KCl (MAA/St=1/2,1/5) Deposition N

Poly(MAA-co-4VP)/KCl (MAA/4VP=10/1, 2/1) Deposition N

Poly(MAA-co-4VP)/KCl (MAA/4VP=1/1−1/10) N N
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were inverted by KCl, if assumed that the film was also made
from the soluble copolymers. Moreover, as shown in Fig. 10a
(bottom, right), b (right), the pores were always observed in
the deposit of cathode, regardless to the presence of KCl.
These pores, we think, were possibly the trace of monomer
droplets, though it was arguable. It implies that the negatively
charged monomer droplets were not changed by the addition
of KCl.

As for the systems of MAA/4VP, it was very simple. In the
random copolymerization systems, when the ratios of MAA/
4VP were 10/1, 5/1 and 1/1, the cloudy precipitates were
prepared. When MAA/4VP=1/5 and 1/10, the transparent
gel was obtained. As shown in Table 1, the species in the
random copolymerization systems did not deposit on any

electrode, regardless to the molar ratios of MAA/4VP. These
results were consistent with the constant conductivity of ran-
dom copolymerization. However, in RAFT polymerizations,
all species was deposited on the cathode, except for MAA/
4VP=1/1 which deposited on the anode (Table 1). This result
indicated that, when the amount of 4VP was less than that of
MAA, the species was positively charged, whereas MAA=
4VP, the species was negatively charged. In fact, as shown
Fig. 12, in the RAFT polymerization systems, the species
were all particles irrespective of the molar ratios. Moreover,
the particle size decreased as the content of 4VP increased.
The soluble block copolymer of poly(MAA-b-4VP) was not
observed. It seems rational that the individual copolymer
chain was hard to exist due to the strong isotropic interactions

(a)

(b)

Fig. 10 Behavior of particles of
random P(MAA-co-St) in DC
field. a Poly(MAA-co-St).
Random copolymerization
system of MAA/St (1/5) (upper,
left picture); Deposition of species
on the anode and cathode (upper,
right picture); SEM photos of
species on the anode and cathode
(bottom pictures). b Poly(MAA-
co-St)/KCl. SEM photos of
species on the anode and cathode
which deposited in the solution of
KCl/ethanol
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of ions. These results indicated that the charges were ascribed
to the particles, rather than the soluble poly(MAA-b-4VP).
Thereby, the behavior of conductivity in RAFT polymeriza-
tion (Fig. 8b) was understandable because the conductivity

was dependent to both the density of surface charges and
mobility of particles. However, it was amazing that when the
amount of PMAA-CPDB was dominant, the charges of
P(MAA-b-4VP) particles were dominated by 4VP.

(b)

(a)

Fig. 12 SEM and TEM images of P(MAA-b-4VP)
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Fig. 11 Behavior of soluble
P(MAA-b-St) and particles of
P(MAA-b-St) in DC field. a
Poly(MAA-b-St). Upper pictures
indicate that the solutions of
RAFT copolymerization of
MAA/St (10/1 and 5/1) are
transparent (left picture) and the
deposition of the copolymers is
on the cathode (middle and right
pictures). Bottom pictures indicate
that the self-assembly of block
copolymer ofMAA/St (1/1) at the
room temperature (left picture),
the self-assembled species
deposited on the cathode (middle
picture) and SEM photo of self-
assembled species (right picture).
b Particles prepared by RAFT
polymerization. TEM and SEM
photos of particles of block
copolymer (MAA/St=1/5)



According to the common knowledge, it is quite abnormal
because 4VP is the donor of positive charge and MAA is the
donor of negative charge.

Figure 12 also shows TEM images of species prepared. In
contrast to the heterogeneous distribution of P(MAA-b-St)
particles, it was observed that the distribution of composition
in P(MAA-b-4VP) particles were homogeneous.

The positive charges indicated that the charge of soluble
diblock copolymer was not ascribed to the donation of PMAA
block. It was the specific nature of the soluble diblock amphi-
phile, i.e., the donation of solvophobic block regardless to the
chemical nature of solvophobic block. This result was remi-
niscent of a conclusion in the studies of water interacting with
interfaces, ions, and molecules. Based on the results of the
dynamic behavior of hydrogen bond by ultrafast IR spectros-
copy, it was concluded that water slowed the hydrogen bond
dynamics substantially as evidence by changes in orientation-
al relaxation times and chemical exchange dynamics [39].
When water interacted with an interface or a large molecule,
the orientational relaxation time of water was slowed down
to∼15–20 ps from that of its bulk, 2.6 ps. Furthermore, the
presence of an interface was more important in slowing hy-
drogen bond dynamics than the chemical nature or geometry
of the interface. In this paper, the interaction of hydrogen bond
was common, for instance, ethanol interacted with MAA and
AAm. Meanwhile, the generation of interface was imaginable
because of the solvophobic block. More importantly, accord-
ing to this conclusion, the result of charged poly(MAA-b-St)
could be explained rationally. Namely, the birth of interface,
rather than the chemical nature of interface, played the key
role on slowing hydrogen bond dynamics. Accordingly, the
solvophobic block was precipitated from the solution, thereby
a new interface appeared, though the block copolymer was
soluble entirely. The unbalanced orientational relaxation of
ethanol hydrogen bond interacting with the solvophobic and
solvophilic block of copolymer gave rise to the unbalanced
charge distribution along the copolymer chain. It is a fact that,
in the alcohol solution with the stronger hydrogen bond inter-
action, the soluble diblock copolymer gave rise to the higher

conductivity. For example, the methanol solution of soluble
poly(MAA/AAm) gave the highest conductivity among the
methanol, ethanol and isopropanol solutions, while the conduc-
tivity of isopropanol solution was the lowest [36, 37]. Moreover,
in the aqueous solution, the more hydrophobic species seemed
to give the higher conductivity [35]. It was reported that when
various water-insoluble initiators, i.e., azobis(isobutyronitrile)
(AIBN), 2,2′-azobis(2-methyl-butyronitrile) (V-59), poly(ethyl-
ene glycol)-azo-initiator (PEGA200) and 2,2′-azobis(2-methyl-
N-(2-hydroxyethyl)propionamide) (VA-086) was employed for
the soap-free emulsion polymerization of styrene, the conduc-
tivity of aqueous phase where the soluble PSt chains ended with
the initiator fragment exited exhibited an interesting tendency
that the more hydrophobic initiators, AIBN and V-59, gave rise
to much higher conductivity than the more hydrophilic PEG200
and V-068 [35]. For example, by using V-068, the conductivity
was ca 4 μS/cm at 70 °C, whereas by using AIBN, it was about
25 μS/cm.

The conclusion was also applicable to explain the electric
phenomena of random copolymer. Since the random distribu-
tion of solvophobic segments, the charge distribution along
the copolymer chain was random. However, it is still un-
known how to buildup the relationship between the orienta-
tional relaxation and the charges.

Of course, on the view of diblock copolymer itself, an
explanation was also acceptable classically that the solvopho-
bic block precipitated as a colloidal particle, which adsorbs the
charges from the surrounding. In present paper, the positive
charges were possibly supplied by MAA, namely that the
solvophobic block adsorbed H+ dissociated from –COOH.
Scheme 1 shows the structure of diblock copolymer with a
solvophobic block.

Nevertheless, the fact of charged diblock amphiphile indi-
cated that the electrostatic interaction between the solvopho-
bic blocks should be considered in the process of self-
assembly. As shown in Scheme 1, the solvophobic blocks will
not simply aggregate due to the so-called solvophobic inter-
action. The diblock copolymers look like micro-dipoles. If the
self-assembly took place, the electrostatic interactions should

Scheme 1 Self-assembly and
particle formation paths via
amphiphilic diblock copolymers
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play a negligible role. This may be the real reason that a tiny
amount of ions, rather a large number, is indispensable in the
self-assembly of diblock copolymers.

As for the particle formation, it was amazing that the
charges of particles were opposite to the charges of soluble
diblock copolymers. Especially the self-assembled P(MAA-
b-St) (MAA/St=1/1) particles and P(MAA-b-4VP) particles
were positive charged, though the content of MAAwas dom-
inant. Moreover, the diblock copolymers gave rise to the
higher conductivity and simultaneously produced the parti-
cles, whereas the random copolymerization only produced the
soluble copolymers. These results were hard to be explained
by the conventional concepts of colloids, for instance, the
collapse of dielectric double-layer [40] and the instability of
nuclei [38]. And also, it was difficult to explain these results
by employing the conventional mechanism that the solvopho-
bic blocks aggregated to form the core, while the solvophilic
block dissolved to form corona which stabilized the self-
assembly micelles [22, 23].

An explanation was suggested in Scheme 1 on the basis of
results in this paper. There are two paths forming the particles.
One is the self-assembly of amphiphilic diblock copolymers.
The diblock copolymers are macrodipoles, thus the electro-
static interactions of dipoles play a key role on the self-
assembly. The distribution of charges on the surface of parti-
cles determines the electric behavior of particles. The other
one is the polymerization in the monomer droplets. The
charge nature of monomer droplets determines the electric
behavior of particles.

Summary

Utilizing PMAA as the soluble component, three representa-
tive types of monomer, i.e., AAm, St, and 4VP, were selected
for the random copolymerization and RAFT copolymeriza-
tion. Among them, AAm is soluble in ethanol and interacts
with bothMAA and ethanol by hydrogen bonds, but PAAm is
solvophobic. PSt is just solvophobic. Both 4VP and P4VP is
soluble in ethanol, but they form the zwitterions with MAA.
The above results clearly indicated that the soluble diblock
copolymer amphiphile was quite different from the random
copolymer. With respect to the electric property, the soluble
diblock polymeric amphiphile such as poly(MAA-b-AAm)
and poly(MAA-b-St) was positively charged and gave rise
to high conductivity of solution, whereas the charges of ran-
dom copolymers such as poly(MAA-co-St) and poly(MAA-
co-4VP) were not detectable. For the formation of particles,
the block copolymer such as poly(MAA-b-AAm),
poly(MAA-b-4VP) were easily prepared, but it was hard to
prepare by the random copolymers such as poly(MAA-co-
4VP) and poly(MAA-co-St).
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