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A novel dynamic polymer reaction system using radical exchange of alkoxyamine units has been
demonstrated. Polymethacrylic ester containing 2,2,6,6-tetramethyIpiperidine-1-oxy
(TEMPO)-based alkoxyamine units in the side chain and alkoxyamine-terminated polystyrene were
prepared by atom transfer radical polymerization (ATRP) and nitroxide-mediated free radical
polymerization (NMP), respectively. Radical crossover reaction of alkoxyamine units between the
side chain and chain end of each polymer afforded the graft copolymers that polystyrene chains are
connected to the polymethacrylic ester backbone. The structure of the graft copolymers is supported
by size exclusion chromatography (SEC) and spectral data. Radical crossover reaction of
alkoxyamine units among the side chains caused cross-linking to form gel like structure. The
obtained graft polymers and cross-linked polymers were successfully transformed reversibly to the

starting materials by heating with excess amount of alkoxyamine derivative.
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INTRODUCTION

Quite a few polymer reactions have been developed
because of the desire to prepare advanced materials from
limited palette. These techniques can also facilitate a
novel polymer synthetic method. While polymer
reactions are useful for the preparation of hybrid
materials, most of them are irreversible, therefore, once
the particular product is formed, it is not possible either
for the starting materials to be reformed from it or for it
to be converted into another product.

2,2,6,6-Tetramethylpiperidine-1-oxy (TEMPO)-based
alkoxyamine derivatives have been used as unimolecular
initiators for nitroxide-mediated living free radical
polymerization (N MP)"3 . A number of reversible
activation-deactivation cycles caused by dissociation
and association of alkoxyamine unit allow all the chains
to have an almost equal opportunity to grow and
minimize side reactions which permanently deactivate
the polymer chains, resulting in the formation of low
molecular weight distribution polymers®. The thermally
induced reversible dissociation/association nature of
polystyrene-nitroxide system has been confirmed by
ESR and exchange®” studies. Recently, the authors have
developed ‘dynamic covalent polymer’ which is capable
of reorganization by the exchange of covalent bonds in
the main chain®*''. The exchange in alkoxyamine-based
dynamic covalent polymer occurs in a radical process
that is tolerant to many functional groups and does not
require very high temperature. Consequently, the
exchange process can be applicable to polymers with
many functional groups. The system can be responsive
to external stimulation, and change its architecture
depending on environmental conditions. The exchange
reaction among polymers, which have alkoxyamine
units, is considered as a novel reversible polymer
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reaction system, and the constitution of product depends
on equilibrium control. Furthermore, the system also
allows access to more complex, thermodynamically
stable polymeric architectures. The authors report herein
the dynamic formation of graft copolymer and dynamic
cross-linking reaction with thermally reversible covalent
bonds.

2. EXPERIMENTAL
2.1 Measurements

Monomer conversion was determined by 'H NMR
measurement (JEOL JNM-EX400) of the crude reaction
mixtures in CDCl;. Molecular weights as well as
polydispersity were estimated by size exclusion
chromatography (SEC) in THF at 40 °C on a
polystyrene gel column [Shodex GPC KF-804L (300X
8.0 mm)] at a flow rate of 0.8 mL-min”. Fractionation
was conducted on a JAI LC-908 HPLC system equipped
with two mixed polystyrene gel columns [JAIGEL-2H,
JAIGEL-3H (600X 20 mm)]. Chloroform was used as
an eluent at a flow rate of 3.8 mLmin'. High
performance liquid chromatography (HPLC) analyses
were performed on a Shimadzu system equipped with a
column (JASCO Crestpak C188S).
2.2 Materials

4-Hydroxy-TEMPO'2,  4-methoxy-TEMPO", and
alkoxyamine derivatives® (1, 6, 7) were prepared and
purified as previously reported. Ethyl
2-bromoisobutylate (2-(EiB)Br), (-)-sparteine (Sp), and
methacryloyl chloride were used without further
purification. Methyl methacrylate (MMA), styrene, and
anisole were purified by distillation under reduced
pressure over calcium hydride. All other reagents were
purchased from commercial sources and used as
received. The alkoxyamine derivative 2 and 8 were
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prepared by condensation reaction between 1 and
methacryloyl chloride, and between 7 and methacryloyl
chloride, respectively. TEMPO-terminated polystyrene 4
was synthesized through the conventional NMP
procedure with 6 as initiator.
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Fig.l. Chemical structure of 2 and 8

2.3 Synthesis
General procedure for preparation of poly(methacrylic
ester)s containing alkoxyamine units at the side chain.

Cu(DBr (129 mg, 0.09 mmol) and 2 (1.036 g, 3
mmol) were charged into a round-bottom flask
containing a magnetic stirring bar, and the air was
removed by evacuation and back-filled with argon three
times. Then, MMA (1.60 mL, 15 mmol), anisole (2.55
mL, 23.5 mmol), and Sp (41.4 pL, 0.18 mmol) were
added via syringes. The mixture was stirred until the
formation of an essentially homogeneous yellow
solution, and degassed by three freeze-pump-thaw
cycles. The flask was then immersed in an oil bath
thermostated at 50 °C under argon, and 2-(EiB)Br (13.2
uL, 0.09 mmol) was added. After 22 h, the reaction
mixture was quenched to room temperature, and diluted
with THF and the solution filtered through an ALO;
column. The filtrate was concentrated in the rotary
evaporator, diluted with chloroform, and then poured
into excess hexane. The precipitation was then collected
by vacuum filtration and dried in vacuo to give the
purified polymer 3 as a white powder.
Dynamic grafting reaction

In a typical run, a 1.0 wt% anisole solution of polymer
3 (M, = 11800, My/M, = 1.18, 92 mg, MMA/2 = 4.8/1)
and alkoxyamine-terminated polystyrene 4 (M, = 1700,
MM, = 115 918 mg) was charged into a
round-bottom flask containing a magnetic stirring bar,
and degassed by three freeze-pump-thaw cycles. The
mixture was incubated at 100 °C under argon for 24 h.
The solution was evaporated to dryness, diluted with
chloroform, and fractionated by HPLC with SEC
column to give the polymer 5 as colorless oil (158 mg).
M, = 24000, M,/M, = 1.16 (Molecular weight increased
with time)
Dynamic cross-linking reaction

In a typical run, 3 (M, = 15500, M /M, = 1.12,
MMA/2 = 19/1, 10mg) and 9 (M, = 16200, M, /M, =
1.19, MMA/8 = 19/1, 10 mg) were dissolved in anisole
(10 wt% of total polymer concentration) and the solution
was degassed by three frecze-pump-thaw cycles and
sealed off under vacuum. The solution was incubated at
100 °C under argon for 24 h. The reaction product was
alternatively immersed in chloroform and hexane for 24
hours to recover eliminated 6, and the weight of 6 was
measured by HPLC measurement.

3.RESULTS AND DISCUSSION

3.1 Synthesis of polymers containing alkoxyamine units.
Methacrylic  ester  containing  TEMPO-based

alkoxyamine unit 2 was prepared by condensation

reaction of TEMPO-based alcohol derivative 1 and
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Fig.2. The evolution of M, and M./M, of the polymers as
a function of monomer conversion for solution
polymerization of MMA and 2 in anisole.

methacryloyl chloride. The reaction proceeded smoothly
at room temperature to give the desired monomer 2 in
85% yield after purification. To control the molecular
weight as well as macromolecular architecture with
facile procedure, we have examined the use of “living”
free radical polymerizations for the preparation of
reactive  polymers. As  detailed  previously,
TEMPO-based alkoxyamine unit does not exchange
under 60 °C®. Accordingly, the atom transfer radical
polymerization (ATRP) of 5:1 mixture of MMA and 2
was conducted in anisole at 50 °C using 2-(EiB)Br as
the initiator and Cu(I)Br/Sp as the catalyst complex. The
M, and M /M, of resulting polymers are plotted as a
function of conversion in Fig.2. M,s increase linearly
with conversion and are in good agreement with those
calculated, which is fully consmtent with a “living” free
radical polymerization. The '"H NMR spectrum  of
resulting polymer 3 revealed the signals assigned to
alkoxyamine units and methyl esters, and confirmed
from the integration of each peak that the composition of
copolymer approximately corresponds to feed ratio of
monomers (copolymer composition, MMA/2 = 4.8/1).

A TEMPO-terminated polystyrene 4 with controlled
molecular weight (M, = 1700, My /M, = 1.15) was
synthesized through the conventional NMP procedure
with 6 as initiator. The "H NMR spectrum of 4 shows the
signals between 0.1 and 0.5 ppm that have been
previously assigned to the chain-capping TEMPO
moiety. The signal that is assigned to methoxy protons
was also observed. Comparison of the integration values
for the end group with the main polystyrene chain gave

Scheme 1. Schematic representation of dynamic grafting
reaction
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molecular weight similar to those obtained from the
GPC measurement, indicating approximately no loss of
alkoxyamine chain end.

3.2 Dynamic grafting reaction

The mixture of 3 and excess amount (5.0
eq./alkoxyamine) of 4 was dissolved in anisole, and
heated at 100 °C under argon (Scheme 1). As shown in
Fig.3(A), as the reaction proceeded, the SEC profiles
derived from 3 clearly shifted to a higher molecular
weight region. In addition, integral ratio of the peak
derived from 4 to that for 3 significantly decreased.
After 24 h, M, and the integral ratio became constant,
which indicates that the equilibrium is reached in the
system. By careful fractionation of the reaction mixture
using preparative HPLC, the polymer at higher
molecular weight region was successfully separated. 'H
NMR  spectrum of isolated polymer 5 revealed
significant signals assigned to polystyrene units
appeared at 1.0-2.5 ppm and 6.2-7.4 ppm as well as the
signals assigned to methacrylic ester backbone. The
resonance derived from unreacted alkoxyamine units
also appears at 7.3 ppm, and its integral ratio to methyl
ester apparently decreased, compared with 3. By
comparing the integration value of the signals for the
unreacted alkoxyamine units and that for methyl ester,
degree of grafting was evaluated to be 58 % in 5.0 eq.
system. On account of the bulkiness of the grafted
polystyrene chains, the degree of grafting is limited to
relatively low value. The molecular weight calculated
from integration value of "H NMR spectrum was found
to be 28200. On the other hand, the M, estimated by
SEC measurement was 24000, which was smaller than
that estimated by 'H NMR. This discrepancy in
molecular weights is, however, fuily consistent with the
proposed structure since the hydrodynamic volume of a
graft polymer is less than that of a comparable linear
polymer.

The reversibility of the reaction system was also
investigated. The mixture of isolated graft polymer 5
(M, = 24000, My/M, = 1.16) and excess amount (8.3
eq./alkoxyamine) of alkoxyamine derivative 6 was
dissolved in anisole, and heated at 100 °C under argon.
As shown in Fig.3(B), as the reaction proceeded, SEC
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Fig.3. SEC profiles for (A) polymer reaction of 3 with 4 (5.0
eq. alkoxyamine units) in anisole (1 wt % polymer solution) at
100 °C under argon and (B) polymer reaction of 5 with 6 (8.3
eq. alkoxyamine units) in anisole (1 wt % polymer solution) at
100 °C under argon.
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Fig4. Dependence of M, on reaction time for (circle)
polymer reaction of 3 with 4 in anisole at 100 °C under argon
and (triangle) polymer reaction of 5 with 6 in anisole at
100 °C under argon.

profile of 5 shifted to the lower molecular weight region.
Significantly, SEC profile corresponding to eliminated
polystyrene appeared, and integral ratio of the profile to
the one of graft polymer increased with increasing
reaction time. The dependence of M|, on reaction time is
presented in Fig4 with grafting reaction data as the
reference. The degrafting system reached the
equilibrium after 30 h. Interestingly, equilibrium M,
almost corresponds to the initial M, of 3. These results
prove that the dynamic polymer grafting system is
realized by the exchange reaction of alkoxyamine
groups and that the reaction system is apparently
reversible under equilibrium control*,

3.3 Dynamic cross-linking reaction

Similarly to the preparation of 2, methacrylic ester 8
containing TEMPO-based alkoxyamine unit was
prepared by condensation reaction of TEMPO-based
alcohol derivative 7 and methacryloy] chloride to give
the desired monomer 8 in 82% yield after purification.
Polymerization of 20:1 mixture of MMA and 8 was
conducted in anisole at 50 °C using 2-(EiB)Br as the
initiator and Cu(I)Br/Sp as the catalyst complex. The
nearly linear relationships between In([M]y/[M]) and
time were observed, indicating that the number of active

species is almost constant throughout the polymerization.

M,s increase linearly with conversion and are in good
agreement with those calculated, that is, the control of
molecular weight is also accomplished on the
copolymerization of MMA and 8 as well as the one of
MMA and 2.

In advance of polymer reaction between 3 and 9, 10
wt% anisole solutions of each polymer were heated
independently at 100 °C. In these cases, there were no

Scheme 2. Schematic representation of dynamic
cross-linking reaction

Cross-linking
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Fig. 5. Dependence of the amount of 4 on reaction time
for polymer reaction of 3 with 9 in anisole at 100 °C
under argon.

changes in molecular weight and molecular weight
distribution. It can be concluded that there are no
detectable intra- and intermolecular carbon-carbon
coupling reactions at the side chains. This fact is also
supported by the color observation of solution. If the
carbon-carbon coupling reaction occurs in the system,
the solution changes from colorless to red caused by
generation of nitroxide free radicals. In these cases, there
was no change in color of solution, which demonstrates
the absence of carbon-carbon coupling reaction.

Cross-linking reactions were then performed by
heating an anisole solution of the mixture of 3 and 9 at
100 °C at various concentration conditions (Scheme 2).
Cross-linking behavior remarkably depends on the
concentration condition and the gelation occurred above
5.0 wit%. Because this reaction is regarded as
thermodynamic reaction, intramolecular crossover
reaction would be preceded under dilution condition.
Thus, the gelation accomplished only under high
concentration condition enough to intermolecular
crossover reaction is preceded. In this polymer reaction
system, if the cross-linking reaction due to the radical
crossover reaction among alkoxyamine units occurs,
alkoxyamine derivative 6 is formed. The nature of this
reaction system can be applied to the determination of
cross-linking points. The generated 6 were recovered by
immersing reaction product in chloroform for 24 hours
and then in hexane for 24 hours. The cycle was
alternatively repeated several times until there was no
detectable amount of 6. Fig.5 shows the relationship
between reaction time and the weight of 6 recovered
from the product. The amount of 6 increased with
reaction time and maintained constant value after the
formation of gel. On account of the restriction of
molecular motion at the gel state, radical crossover
reaction becomes difficult and apparently reaches to
pseudo-equilibrium. In addition, molecular weight of
polymers was determined by SEC measurement.
Interestingly, although the weight of 6 recovered from
the product was higher at low concentration condition,
the molecular weight of the polymer at the same time
was higher at high concentration condition. These
phenomena are probably due to the intermolecular
coupling reaction at low concentration condition.

The reverse reaction, transformation from gel to
solution, was then examined. The cross-linked polymer
formed by radical crossover reaction was swelled by the
anisole solution of 4 (10 eq./alkoxyamine units). The gel
was degassed by three freeze-pump-thaw cycles and
scaled off under vacuum and heated at 100 °C for 24 h.

After heating, the sample transformed from gel state to
colorless solution. Molecular weight of the product was
evaluated by SEC. Interestingly, the M, of product
almost corresponds to the initial M, of the mixture of 3
and 9, which indicating that the reaction system is
apparently reversible under equilibrium control and the
cross-linking state is thermodynamically unstable.

4. CONCLUSION

In summary, the authors have demonstrated that
dynamic formation of graft copolymers and cross-linked
polymers are accomplished by radical crossover reaction
among the alkoxyamine units. The molecular weight of
reactive polymers containing alkoxyamine units can be
controlled by utilizing dual living free radical
polymerization techniques. The novel dynamic polymer
reaction system affords the material that can be
reorganized in response to heating to form the proper
macromolecular architecture that reflects the equilibrium
condition.

Acknowledgement

The authors gratefully acknowledge the financial
support of a Grant-in-Aid for Scientific Research
(14750699) from the Ministrty of Education, Culture,
Science, Sports and Technology of Japan. This research
was supported by a research grant from The Mazda
Foundation. Y. H. acknowledges the financial support of
Grant-in-Aid for JSPS Fellows.

References

[1] C. ). Hawker, J. Am. Chem. Soc., 116, 11185-11186
(1994).

[2] K. Matyjaszewski and T. P. Davis, “Handbook of
Radical Polymerization”, Wiley-Interscience: New York
(2002).

[3] C. J. Hawker, A. W. Bosman and E. Harth, Chem.
Rev., 101, 3661-3688 (2001).

[4] T. Fukuda, T. Terauchi, A. Goto, K. Ohno, Y. Tsujii,
T. Miyamoto, S. Kobatake and B. Yamada,
Macromolecules, 29, 6393-6398 (1996).

[5] C. J. Hawker, G. G. Barclay and J. Dao, J. Am. Chem.
Soc., 118, 11467-11471 (1996).

[6] N. J Turro, G. Lem and 1. S. Zavarine,
Macromolecules, 33, 9782-9785 (2000).

[7]1 M. E. Scott, J. S. Parent, S. L. Hennigar, R. A.
Whitney and Cunningham, Macromolecules, 385,
7628-7633 (2002).

[8] H. Otsuka, K. Aotani, Y. Higaki and A. Takahara,
Chem. Commun., 2838-2839 (2002).

[9] H. Otsuka, K. Aotani, Y. Higaki and A. Takahara, J.
Am. Chem. Soc., 125, 4064-4065 (2003).

[10] Y. Higaki, H. Otsuka, T. Endo, A. Takahara,
Macromolecules, 36, 1494-1499 (2003).

(111 Y. Higaki, H. Otsuka, A. Takahara, Polymer, 44,
7095-7101 (2003).

[12] T. Kurosaki, K. W. Lee, M. Okawara, J. Poly. Sci.,
Polym. Chem., 10,3295-3310 (1972).

[13] T. Miyazawa, T. Endo, S. Shiihashi, M. Okawara, J.
Org. Chem., 50, 1332-1334 (1985).

[14] Y. Higaki, H. Otsuka, A.
Macromolecules, 37, 1696-1701 (2004).

Takahara,

(Received January 6, 2005; Accepted May 2, 2005)



