COMMUNICATION

www.rsc.org/chemcomm | ChemComm

Preparation of PEO-5-P2VPH'-S,035”  micelles in water and their
reversible UCST and redox-responsive behaviort
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We report here the preparation of PEO-b-P2VPH™-S,04>"
micelles and their reversible multi-responsive behavior.

Polymeric micelles whose formation and disruption can be
reversibly controlled by temperature have attracted much attention
due to their great potential in the preparation of controlled drug-
delivery systems,' catalysts® efc. Among them, the polymeric
micelles with a lower critical solution temperature behavior
(termed as LCST micelles here) have been extensively studied.
The LCST micelles (e.g. the micelles with poly(N-isopropylacryl-
amide) (PNIPAM) as the core) will undergo dissociation when the
temperature decreases to the critical temperature, and form again
when the temperature rises above it.> Contrary to LCST micelles,
UCST micelles (the polymeric micelles with an upper critical
solution temperature behavior) form when the temperature is
below a critical temperature and dissociate when the temperature is
above it. The UCST micelles reported include the water born
micelles formed by a zwitterionic block copolymer,* and the
micron-scale spherical aggregates formed in chloroform driven by
H-bonding between a copolymer and a complementary bifunc-
tional cross-linker.’ Different from LCST micelles whose core is
usually formed by a LCST polymer like PNIPAM,® UCST
micelles reported have a core composed of a polymer complex.*>
Actually, the formation of UCST micelles is induced by the
complexation between the core-forming components, and their
dissociation results from the thermal induced decomplexation.
Although the micelles formed by inter-polymer complexation
induced micellization have been widely studied, most of them are
not UCST micelles since in most cases the core-forming polymer—
polymer complex keeps stable even when the temperature increases
to the boiling point of the solvent. As a result, although UCST
micelles are expected to be very promising in applications, the
number of UCST micelle systems reported is limited.

In this communication, we will report the preparation of water
soluble micelles based on poly(ethylene oxide)-b-(protonated
P2VP) (PEO-h-P2VPH")—potassium persulfate (K,S>Og) complex.
The ion—ion interaction leads to the ionic cross-linking of P2VPH*
block chains by the divalent anion S,0¢>~, which leads to the
micellization of the block copolymer PEO-5-P2VPH, forming the
micelles with P2VPH™-S,0¢>~ complex as the core and PEO block
chains as the shell. Our study also demonstrates that the micelles
have reversible multi-responsive behavior: they are UCST micelles
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and the critical temperature for dissociation can be adjusted in the
range of 40 to 70 °C; the micelles are sensitive to a reductant, ie.
the micelles dissociate promptly when mixed with a small amount
of reductant, and after further addition of K,S,Og, the micelles
form again. We believe that this reversible multi-responsive
behavior will make the micelles promising in addressing related
theoretical and practical problems.

It is known that in aqueous solution of PEO-/-P2VP, there is a
critical pH value above which the copolymer chains associate.
Usually, the critical pH value is in the range of 4 to 6,”® depending
on the structural parameters of the copolymer. In the present
study, PEO3,0-H-P2VP 55 (the subcripts are the average number of
the repeat units) was dissolved in pH 1.3 aqueous solution at a
copolymer concentration of 1.0 mg mL ™', At such a low pH,} the
copolymer is molecularly dispersed and almost all of the pyridine
units of the P2VP block chains are protonated (the protonated
P2VP block is denoted as P2VPH™ in this paper). However, when
the aqueous copolymer solution was mixed with K,S,Og at the
molar ratio of K,S,Og to the pyridine units of 1 : 1, blue
opalescence appeared spontaneously. The resultant mixture
solution was characterized by dynamic light scattering (DLS).
The characterization data demonstrate the formation of aggre-
gates. The average hydrodynamic radius <R,,> of the aggregates is
105 nm. The aggregates have a narrow size distribution with a
regular spherical morphology as indicated by the relatively low
polydispersity index (u/</™>> = 0.09),” and a linear relation of
I'~ ¢ obtained by our investigation of the angular dependence of
laser light scattering of the aggregates.'® In our control experiment,
we carried out the micellization of PEO3y5-b-P2VPy,5 in aqueous
solution at pH > 6.0 by dialyzing the copolymer solution in THF
against water. The <R;,> of the resultant micelles is 45 nm, which
is much smaller than that of the micelles obtained in the present
study. We have reported in our previous study that the average size
of the micelles formed by cross-linking one of the blocks of a block
copolymer in its common solvent is remarkably larger than that of
the micelles formed by the same block copolymer in its selective
solvent.!! Tt was also reported by Kabanov er al. that the <R,> of
PEO;,5-b-PMA gy (poly(methacrylate acid)) micelles with the
cross-linked PMA as the core can be as large as 144 nm at a
relative high pH."

It is known that the average size of particles observed by
electron microscopy may be either similar to or different from the
average size of the same particles measured by DLS. The causes
for the difference were analyzed in the reported studies."*'* In the
present study, the average size and the size distribution of PEO3y0—
b-P2VP,5-S,0¢>~ micelles observed by SEM are close to the
corresponding results obtained by DLS characterization. Our
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Fig. 1 (a) SEM image of PEO-h-P2VPH™-S,05>" micelles reduced to
3/10 of the original image. (b) The particles shown at the magnification of
the original SEM image.

SEM observations demonstrate that the micelles have an average
radius around 100 nm and a narrow size distribution.

"H NMR measurements confirm the core-shell structure of the
aggregates with PEO as the shell and P2VPH™S,04> " as the core.
The spectrum of PEO-5-P2VPD" in DO (pD = 1.3) and that of
the PEO-5-P2VPD*-K,S,05 mixture in D,0 at 25 °C (pD = 1.3)
are presented in Fig. 2 as spectra A and B, respectively. In
spectrum A, the peaks b, ¢ and d are assigned to the protonated
P2VP block (P2VPD"), as indicated in the inset. Compared with
spectrum A, after mixing of the copolymer with K,S,0g in D,O at
25 °C, all the signals assigned to the P2VPD" block (peaks b, ¢ and
d) disappear (spectrum B). As demonstrated in our previous
study,'>'¢ the disappearance of the P2VPD" signals is the result of
the aggregation of the P2VPD" block chains, since the aggregation
leads to the loss in the mobility and the disappearance of the
signals of the P2VPD" block chains in the liquid '"H NMR
spectrum. On the contrary, the PEO signal (peak a) at 3.5 ppm is
nearly unchanged after the mixing. Therefore, it is concluded that
the aggregates are core-shell structured polymeric micelles with
PEO as the shell and the aggregated P2VPD' as the core.
Obviously, the aggregation of the P2VPD™ block chains is caused
by the interaction with S,Os>~, which drives the micellization of
the copolymer.

In pH 1.3 aqueous solution, the copolymer PEO-5-P2VPH" is
molecularly dispersed. As the solution is relatively dilute, when
mixed with K»>$,0g, an S,0s>~ anion may interact with one of the
protonated pyridine cations at first, forming a 2VPH™-S,0¢>~ ion
pair (in fact, the ion pair is a univalent anion, denoted as (2VPH"—
S,05>7) ! here). @VPH™S,05” )" ! anions will further interact
with other protonated pyridine units, leading to the ionic cross-
linking of P2VPH" block chains. As 2VPH™-S,0¢”> " ion pairs are
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Fig. 2 'H NMR spectra of: (A) pure PEO-h-P2VP solution at a
concentration of 1.0 mg mL™"; (B) the solution of PEO-b-P2VPD"—
K>S,04 at 25 °C; and (C) the solution of PEO-»-P2VPD"-K,S,04 at
45 °C; (in D,O. pD = 1.3).

negatively charged, they are expected to be soluble in the aqueous
solution and no aggregation between them can be observed. The
solubility of 2VPH™-S,0¢’ ™ ion pairs is supported by the results of
our control experiments where no precipitates were observed by
mixing K,S,0g with equal moles of pyridine or 2-vinylpyridine
under identical conditions. Therefore, we believe that it is the ionic
cross-linking of P2VPH™ block chains that drives the micellization.
The micellization of a block copolymer resulting from the cross-
linking of one of the blocks has been reported by Yashida'” and by
us.'

The as-prepared PEOso-b-P2VPH" 5,5-S,04> micelles in pH
1.3 aqueous solution change little in the structure and the size after
storing at room temperature for weeks. However, they dissociate
promptly when the temperature increases to 40 °C,i as evidenced
by the fact that no aggregates can be detected by DLS
characterization at the temperature of 40 °C. The dissociation of
the micelles is confirmed by our '"H NMR measurement (spectrum
C, Fig. 2). When the solution temperature increases to a
temperature above 40 °C from 25 °C, the spectrum of the solution
changes from spectrum B to spectrum C. In spectrum C, all the
signals associated to the P2VPD" block chains appear again, and
the relative intensity of the signals in spectrum C is close to that of
the respective ones in spectrum A (using the PEO signal at 3.5 ppm
as internal standard), indicating that most of the block copolymer
chains are molecularly solubilized in the solution, ie. the micelles
dissociate at such a temperature. Our further experiments
demonstrate that the association and dissociation of the micelles
are reversible. Reversibility was exhibited by our turbidity
measurements (Fig. 3). Heating the solution at 40 °C resulted in
a total loss of turbidity. Upon cooling to room temperature
(25 °C), the turbidity was restored. From Fig. 3 one can see that
after the first heating—cooling cycle, the turbidity of the solution at
25 °C (the turbidity at point 2) is higher than that of the original
micelle solution (the turbidity at point 1). According to Rotello
et al., the change arises from the annealing of the initial kinetically
formed structures to thermodynamically more stable aggregates
upon thermal cycling.’ Afterwards, no remarkable change of
turbidity was found at either temperature. Apparently, the as-
prepared micelles are UCST micelles.

Biggs and Vincent reported that P2VP could be completely
oxidised by reacting with peroxyacetic acid at 70 °C for 24 hours.'*
The oxidation is accompanied by a shift in the UV spectrum of the
oxidised polymer. However, in the present study, although K,S,0g
is a strong oxidant, we did not find considerable oxidation of
the P2VP block, as no such shift was observed in the UV-vis
spectrum of the P2VP after the mixing with K,S,0g for 24 hours
and the heating-cooling cycles. This is further supported by our
iodimetry measurement. The measurement detects no remarkable
change in the concentration of K,S,0Og after the mixing and the

2 o
0.15 25¢C

o
=

Abs(700nm)
o
&

\a0C

14
=
S

[] 1 2 3 4 5
Cycle time

Fig. 3 Solution turbidity of micelles during heating—cooling cycles.
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Scheme 1 The schematic presentation of the reversible multi-responsive

behavior of PEO-b-P2VP-K,S,0¢ micelles in water. 7¢: the upper critical
solution temperature.

PEO b-P2VI

heating-cooling cycles. Therefore, we believe that the dissociation
of the micelles should be the result of the thermal induced
decomplexation of the P2VPH™S,04”> complex rather than the
decomposition of K,S,05. As the individual core-forming
components P2VPH' and S,0g”  are hydrophilic, they will be
molecularly solubilized in water after the decomplexation. This
leads to the micelle dissociation (as indicated in Scheme 1).
Additionally, the critical temperature can be altered through
changing the structure parameter of the copolymer. For example,
when the copolymer PEO;34-b-P2VP,siis mixed with K,S,0g
under the same conditions, the critical dissociation temperature
rises to 70 °C; while when PEOs9-b-P2VP, was applied, no
micelles can be formed .

As mentioned before, UCST micelles have the cores formed by
solvent-philic components complexed with each other. The
interaction or complexation between the core-forming components
keeps the integrity of the micelles below the critical temperature.
We did a lot of research work concerning the polymer—polymer
complexation in solution."” To our knowledge, most of polymer—
polymer complexes are too stable to be decomplexed by raising the
temperature to a value below the boiling point of the solvent, so
most of the micelles formed by inter-polymer complexation
induced micellization are not UCST micelles. Meanwhile, almost
none of the micelles formed due to complexation between the
polyanion block of a double hydrophilic block copolymer and
multi-valent metallic cations (the ionic cross-linking is the driving
force) are UCST micelles either, since the interaction is usually
strong possibly due to the fact that it is the combination of ion-ion
electric interaction and metal-ligand coordination. It seems that
the micelles with a core formed by polycations/multi-valent small
molecular anions are promising in preparing UCST micelles. In
the present work, we found that the interaction between respective
CO+>", PO,*", SO,>~ anions and the polycation P2VPH" were
too weak to drive the micellization of PEO-h-P2VPH' with
different structural parameters, as no aggregates were formed by
the mixing under the identical conditions. On the other hand, the
interaction between P2VPH™ block chains of PEO-5-P2VPH" and
amaranth containing 3 sulfonic groups in each of the molecules is
too strong, as the micelles with PEO as the shell and P2VPH"-
amaranth as the core in water are stable even at 100 °C.

The as-prepared PEO-H-P2VPH™-S,0¢>” micelles possess
multi-responsive behavior. Besides their thermal response, the
micelles are sensitive to reductant as well. Mixed with a small
amount of reductant such as oxalic acid, the micelles dissociate
promptly as proved by our DLS and turbidity measurements. It is
known that the persulfate ions are reduced to SO,°~ by the

reductant. As mentioned before, the interaction between SO,>~
and the P2VPH' block chains is too weak to drive the
micellization. After the addition of K,S,Og, the micelles formed
again (as indicated in Scheme 1). Such redox-sensitive micelles
have the potential to be used as reductant sensors, which, to our
knowledge, has never been reported. Besides, the micelles with a
core containing a strong oxidant may serve as the microreactor for
a redox reaction.

In summary, at ambient temperature, the ionic cross-linking of
P2VPH" by S,0¢%~ in water can lead to the micellization of PEO-
b-P2VPH", forming micelles with PEO as the shell and P2VPH"~
S,0¢>~ complex as the core. These are UCST micelles since they
dissociate at a temperature above a critical temperature and their
formation and thermal induced dissociation are reversible. When
the block copolymer PEQOsy-b-P2VPi5 is used, the critical
temperature is 40 °C. However, the critical temperature can be
adjusted by changing the structural parameter of the block
copolymer. For example, when PEO;34,-b-P2VP»s; is used, the
critical temperature is ca. 70 °C. Besides, the as-prepared micelles
are responsive to a reductant, ie. the micelles dissociate when
mixed with a small amount of reductant, and form again after
adding K,S,0g to the solution. We believe that these reversible
multi-responsive micelles whose formation and dissociation can be
reversibly controlled by temperature or by alternate addition of a
reductant and K,S,0g will generate much interest in the fields of
polymer science and materials.
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i Actually, the critical temperature fluctuates within the range of 38 ~
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