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ABSTRACT: Well-defined homo- and copolymers of acrylonitrile were prepared by atom transfer radical
polymerization, which were further modified using a “click chemistry” reaction with sodium azide and
zinc chloride to yield polymeric materials with 5-vinyltetrazole units. Using optimized reaction conditions
([NaN3]:[ZnCl2]:[RCN] ) 4:1:1 in DMF at 120 °C for 48-50 h), essentially complete transformation of
the nitrile groups was achieved, as judged from IR and 13C NMR spectra. The produced tetrazole-containing
polymers had markedly better solubility or swellability in protic solvents (methanol or aqueous base
solutions) compared to the precursors. Random copolymers of acrylonitrile and styrene were also grown
from polystyrene and silica particles with immobilized initiator groups and were similarly modified to
the corresponding tetrazole-containing polymers. All materials were characterized by means of thermo-
gravimetry, which showed that the polymeric tetrazoles started to decompose with evolution of significant
amounts of gas at 120-190 °C, i.e., at lower (by 60-130 °C) temperature than the starting nitrile-based
materials.

Introduction

The tetrazoles RCN4R′ belong to a group of five-
membered heterocycles, the azoles. Those with no
substituent at any of the nitrogen atoms (RCN4H) are
acidic, with pKa values similar to carboxylic acids
RCO2H (pKa(tetrazole) ) 4.89, pKa(5-methyltetrazole)
) 5.56, while pKa(CH3CO2H) ) 4.751) and are thus
sometimes referred to as “tetrazolic acids”. Both classes
of compounds are thus dissociated at physiological pH.
However, tetrazoles and tetrazolate anions are more
lipophilic and more stable toward many methabolytic
reactions than the carboxylates. These features make
them important compounds for the design of drugs such
as antibiotics, antiviral, antiallergic, antihypertensive,
and radioprotective agents. The first approved drugs for
AIDS treatment are, in fact, substituted 3′-tetrazolo-
3′-deoxythymidines.2-4 Tetrazole and its derivatives
have found significant application in biomedical sci-
ences, organic synthesis, and coordination chemistry5,6

and as components of explosives.3 Tetrazoles are widely
used as activators in the coupling reaction between
phosphoramidite monomers and immobilized oligo-
nucleotides possessing a free 5′-hydroxy groupsan
essential step in the synthesis of deoxyoligonucleotides.7
Although it has been considered that derivatives of
tetrazole were scarce in nature, relatively rich natural

chemistry of these heterocyclic compounds may emerge.
Curiously, it has been suggested that tetrazole com-
pounds are constituents of the tholins on Titan, the
largest moon of Saturn, where they can be generated
by the action of electric sparks from nitrogen and
methanesthe major constituents of Titan’s atmo-
sphere.8 The chemistry of tetrazoles as well as the
methods for their synthesis are summarized in several
extensive reviews.1-3,9-11 The preferred synthetic route
to tetrazoles is the reaction of nitriles with azides at
high temperature. This method, a representative of a
group of 1,3-polar cycloadditions, collectively termed
“click chemistry” reactions (Scheme 1),12 has been
successfully carried out by heating (80-120 °C) a
mixture of the neat starting compounds13,14 or in
solvents such as DMSO or DMF and even in aqueous
media.15 The reaction is catalyzed by protic acids such
as ammonium salts and acetic acid or Lewis acids such
as SnCl2 or ZnCl2.3 The mechanism of the Zn(II)- and
Al(III)-catalyzed reaction was recently studied theo-
retically and most likely involves coordination of the
metal ion to a nitrile molecule.16

The similar “click” reaction between azides and
alkynes, catalyzed by cuprous salts, yields triazoles and
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was recently used in the synthesis of polymeric materi-
als.17,18

Polymers with tetrazole pendant groups can be pre-
pared either via the direct radical polymerization of
tetrazoles containing a vinyl substituent19,20 or by a
chemical modification of polyacrylonitrile.21,22 These
polymers are polyelectrolytes with acidity similar to this
of poly(carboxylic acid)s; however, in the case of poly-
(5-vinyltetrazole) (poly5VT), relatively stable hydrogen-
bond-stabilized aggregates of adjacent monomer units
are observed, which are not formed in the copolymers
of 5VT with styrene (Sty).23 This allows for the “tuning”
of the polyelectrolyte behavior of polymeric tetrazoles
by means of copolymerization. Tetrazole-containing
polymers are thus of interest for the production of ion-
exchange and chelating resins and superabsorbents. A
major drawback of free radical polymerization, the
classical strategy for the synthesis of polymers with
pendant tetrazole groups, is that it leads to materials
of poorly controlled molecular weight distribution and
chain-end functionalities. More complex structures, such
as block and graft copolymers, are difficult if not
impossible to prepare by conventional free radical
polymerization.

The introduction of the various techniques for con-
trolled radical polymerization (CRP) opened new pos-
sibilities for the synthesis of well-defined polymeric
materials with different compositions, macromolecular
architecture, and end-functional groups.24-27 Among the
other CRP methods, atom transfer radical polymeriza-
tion (ATRP)28-32 has a great potential due to the easy
experimental setup, its applicability to monomers pos-
sessing various functional groups and polarities, and its
tolerance to many solvents, additives, and impurities
often encountered in industrial systems. ATRP yields
halogen-terminated polymers that can be further used
as macroinitiators for the synthesis of block copoly-
mers33 or as precursors of other chain-end-functional-
ized polymeric materials.34 The ATRP of acrylonitrile
(AN)35,36 was thoroughly studied, and in addition to the
well-defined homopolymers, several random copolymers
of AN with Sty (SAN copolymers)37 and block copoly-
mers of AN and n-butyl acrylate were successfully
prepared.38 The reactive cyano group can participate in
a broad variety of chemical transformations, such as
hydrolysis to amides or carboxylic acids, reductions to
imines, primary amines, or hydrocarbons, etc. Thus, the
reactions of nitrile-containing polymers, and particu-
larly of polyAN, have attracted significant attention.39

Herein we report on the postpolymerization modification
of well-defined homo- and copolymers (both random and
block) of AN leading to tetrazole-containing polymeric
materials. The direct ATRP of 5VT is expected to be
more challenging due to deactivation of the copper-
containing ATRP catalyst via coordination of the tetra-
zole rings to copper and/or protonation of the N-based
ligand of the ATRP catalyst by the acidic 5VT or
poly5VT. The preliminary results of the postpolymer-
ization modification of nitrile-containing well-defined
polymers leading to polymeric tetrazoles were recently
reported.40

Experimental Section
Materials. The monomers, Sty and AN (99%, Aldrich), were

purified by passing the neat liquids through a column filled
with basic alumina to remove the polymerization inhibitor.
CuBr and CuCl (Acros) were purified using a slightly modified
literature procedure,41 namely washing with glacial acetic acid

followed by 2-propanol and drying under vacuum. The poly-
styrene and silica particles functionalized with initiating
groups were purchased from Aldrich and Silicycle, respectively.
All other reagents and solvents (purity above 98%) were used
as received without further purification.

ATRP of AN. 10 mL (0.151 mol) of AN and 10 mL of
ethylene carbonate were mixed in a Schlenk flask, and the
mixture was degassed by three freeze-pump-thaw cycles. The
flask was then filled with nitrogen while the mixture was kept
frozen, and 0.1029 g (0.716 mmol) of CuBr, 0.0084 g (0.038
mmol; 5% of the total Cu) of CuBr2, and 0.2354 g (1.508 mmol)
of 2,2′-bipyridine were quickly added. The flask was then
evacuated and back-filled with nitrogen several times, and the
mixture was left to thaw. The obtained homogeneous brown
reaction mixture was heated to 55 °C, and 65 µL (0.754 mmol)
of deoxygenated by purging with nitrogen 2-bromopropionitrile
was injected. After 1.5 h the conversion reached 68% and the
reaction was stopped. The polymer was dissolved in DMF,
precipitated in methanol, and dried. Mn(SEC) ) 39 540 g/mol;
Mw/Mn ) 1.08. PolyAN of different molecular weights could
be prepared in the same manner but using different polym-
erization times and/or changing the ratio of monomer to
initiator.

ATRP of Sty and AN. 8.9 mL (0.135 mol) of AN, 26.4 mL
(0.230 mol) of Sty (63 mol % of Sty, i.e., azeotropic monomer
feed composition), and 2 mL of diphenyl ether were mixed in
a Schlenk flask. The mixture was degassed by three freeze-
pump-thaw cycles, and the flask was filled with nitrogen
while the mixture was kept frozen. 0.1432 g (1 mmol) of CuBr
and 0.312 g (2 mmol) of 2,2′-bipyridine were then added. The
flask was evacuated and back-filled with nitrogen several
times, and the mixture was left to thaw. The obtained brown
solution was heated to 80 °C, and 136 µL (1 mmol) of
deoxygenated by purging with nitrogen 1-phenylethyl bromide
was injected. After 20 h the conversion reached 40%, and the
reaction was stopped. The mixture was diluted with THF, and
the obtained solution was passed through a column filled with
neutral alumina in order to remove the copper catalyst. The
polymer was precipitated in methanol and dried. Mn(SEC) )
8460 g/mol; Mw/Mn ) 1.08.

Grafting of Sty-AN Copolymer from Particles with
Attached Initiating Groups. Azeotropic monomer feed com-
position was again polymerized, and 4-toluenesulfonyl chloride
was added as a sacrificial initiator. The ATRP catalyst con-
tained 5% of CuCl2, and the ratio of the reagents was [Sty]:
[AN]:[CuCl]:[CuCl2]:[bpy]:[Si-SO2Cl]:[4-MeC6H4SO2Cl] ) 630:
370:6:0.3:12.6:1:1. Anisole (8 vol %) was added to the reaction
mixture as an internal standard for determination of conver-
sion. The reaction was carried out for 73 h at 80 °C. The
conversion reached 10.5%, and the free polymer derived from
the sacrificial initiator was analyzed by SEC: Mn ) 3600 g/mol;
PDI ) 1.35. In the grafting of SAN copolymer from particles
modified with 2-bromoisobutyrate groups, CuBr/bpy was
utilized as the catalyst and no CuBr2 was added; ethyl 2-bro-
moisobutyrate (EBiB) was employed as the sacrificial initiator.
In this case reactions were faster, but overall control over
polymerization was better. The other reaction conditions were
similar to those described for the sulfonyl chloride-modified
particles.

Chain Extension of PolyAN Macroinitiators with Sty.
In a 25 mL Schlenk flask, 1 g of polyAN-Br macroinitiator of
DP ) 39 (0.25 mmol Br) was dissolved in 18 mL of deoxygen-
ated DMF under a nitrogen atmosphere. 11.2 mL (10 mmol)
of deoxygenated Sty, 100 µL (0.5 mmol) of N,N,N′,N′′,N′′-
pentamethyldiethylenetriamine, and 0.8 mL of anisole were
then added, and the mixture was degassed by three freeze-
pump-thaw cycles. 0.0496 g (0.5 mmol) of CuCl was then
added under nitrogen flow. The reaction was carried out at
90 °C for 12 h. Conversion was 24%. The polymer was
precipitated in 200 mL of a methanol/water mixture, washed
three times with 100 mL of the same solvent mixture, filtered,
and dried. Mw/Mn of the product was 1.10 determined by SEC,
and composition was (AN)39(Sty)90, determined by elemental
analysis (calcd/found % C: 87.85/87.88; % H: 7.37/7.56; % N:
4.77/4.67).
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Preparation of Tetrazole-Containing Polymers from
PolyAN-Based Precursors. The homo- or copolymer (either
random or block) of AN was dissolved in DMF (1-3 g in 20
mL of solvent). NaN3 and anhydrous ZnCl2 (4 equiv vs the
nitrile groups) were added, and the reaction mixture was
stirred at 120 °C for 48-50 h. After cooling to 60 °C, 15 mL of
diluted HCl (1:10 by volume in water) was added, and the
reaction mixture was kept at this temperature for 3-5 h. The
(co)polymer of 5VT thus obtained was then precipitated in
excess of the same aqueous HCl solution, filtered, washed on
the filter with the HCl solution and water, and dried.

Analyses. Conversions were determined on a Shimadzu
GC-14A gas chromatograph using a capillary column (CEC-
Wax, 30 m × 0.53 mm × 1.0 µm, Chrom Expert Co.) or (in the
case or grafting from particles) by NMR (with CDCl3 as the
solvent). The reaction solvent or specially added to the reaction
mixture compound (diphenyl ether or anisole) was used as a
standard for the calculations of conversion by both techniques.
The samples were then filtered through a short column filled
with alumina followed by a 0.2 µm PTFE filter, and the
solutions were used for determination of molecular weights.
Size exclusion chromatography (SEC) measurements were
conducted using DMF as the eluent (flow rate 1 mL/min, 50
°C) with a series of three Styrogel columns (105, 103, 100 Å;
Polymer Standard Services) and a Waters 2410 differential
refractometer. Diphenyl ether was used as the internal
standard. Polystyrene standards were employed for the SEC
calibration. IR spectra of the polymers (KBr pellets or films
cast from acetone or DMF on KBr or NaCl plates) were
recorded on ATI Mattson Infinity series FTIR spectrometer.
NMR spectra of the polymer solutions in acetone-d6 or DMF-
d7 were collected (ca. 15 000 scans) on a Bruker Avance 300
MHz spectrometer. Thermogravimetric analysis (TGA) experi-
ments were performed with samples weighing about 5 mg
placed in aluminum pans, using Polymer Laboratories TG1000
instrument operating in the 20-800 °C temperature range,
under nitrogen, at heating rate of 10 °C/min. The polymers
were washed repeatedly with methanol or ether and then dried
under vacuum at 60-80 °C for several hours prior to the TGA
measurements. All TGA measurements were repeated at least
twice to check for reproducibility.

Results and Discussion
The 1,3-dipolar cycloaddition of azide to organic

nitriles in the presence of a protic or Lewis acid leading
to 5-substituted tetrazoles, as shown in Scheme 1, is
an example of a “click chemistry” reaction.12 The tetra-
zole synthesis is usually carried out at high tempera-
tures (above 100 °C) in polar solvents such as DMF,
DMSO, butanol or in aqueous media. Hydrazoic acid can
be directly used to form the azole ring, but since it is a
highly toxic and explosive substance, other acids are
preferably employed, in conjunction with a source of
azide. Examples of acidic compounds include trifluoro-
acetic acid, aluminum or tin compounds, and am-
monium salts.2,3,11 Zinc halides are also quite efficient,
and the chloride was used in the present work.16

The well-defined starting polymeric materials, namely,
a homopolymer of AN, a random Sty-AN (SAN) copoly-
mer, and a block copolymer of AN and Sty, as well as
silica or polySty particles grafted with polySAN, were
prepared by ATRP. In the case of the block copolymer,
the polyAN-Br macroinitiator was synthesized first,

and then it was chain-extended with the second mono-
mer, Sty. This order is important to ensure fast initia-
tion from the macroinitiatorsa prerequisite for the
efficient synthesis of a copolymer with a narrow molec-
ular weight distribution. The copolymerization of Sty
and AN using soluble initiators is described in detail
elsewhere.37 When grafting of the SAN copolymer from
particles was carried out, high monomer-to-initiator
ratios were used, and the reactions were stopped at
relatively low conversion (<20%),42,43 although, unlike
the case of systems using nanometer-sized initiating
particles, the coupling between the large particles used
in this study is not very likely to occur. The addition of
free soluble (sacrificial) initiator was important not only
to provide sufficient amount of soluble polymer for
further analysis but also to generate deactivator in the
solution through the persistent radical effect and thus
improve the overall control over polymerization.44-47

Table 1. Grafting of SAN Copolymers from Initiating-Group-Modified Particlesa

particles (size) loading (mmol of X/g) reaction time (h) conversion Mn (SEC) (g/mol) PDI

PSty-SO2Cl (149-74 µm) 1.8 101.5 0.12 6300 1.16
SiO2-SO2Cl (40-63 µm) 0.93 73 0.11 3600 1.35
SiO2-BiB (irregular) 0.14 4.5 0.17 7400 1.17
a Conditions: sulfonyl chloride-initiated systems: 80 °C; [Sty]:[AN]:[CuCl]:[CuCl2]:[bpy]:[particle-SO2Cl]:[4-MeC6H4SO2Cl] ) 630:370:

6:0.3:12.6:1:1. 2-Bromoisobutyrate-initiated polymerization: 80 °C; [Sty]:[AN]:[CuBr]:[bpy]:[particle-BiB]:[EBiB] ) 630:370:6:12:1:1.

Figure 1. IR spectra of the starting polyAN (co)polymers
(spectra 1, 3, and 5 from bottom to top) and of the poly5VT-
unit-containing products of their modification using a “click
chemistry” approach (spectra 2, 4, and 6).

Figure 2. 13C NMR spectra of the starting polyAN (co)-
polymers (spectra 1, 3, and 5 from bottom to top) and of the
polymeric tetrazoles prepared from them (spectra 2, 4, and 6).
The signals of the quaternary carbon atoms from the tetrazole
and Sty rings are designated with “t” and “s”, respectively,
and from the nitrile group with “n”. Impurity signals are
marked with an asterisk.
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The results from the grafting from experiments are
presented in Table 1. In all cases, the reactions yielded
well-defined polymeric materials.

The (co)polymers used for the postpolymerization
modification leading to 5VT copolymers were character-
ized by IR and 13C NMR spectroscopy (Figures 1 and 2,
respectively). The former technique was applied to the
characterization of all tetrazole-containing materials
(including the particles), while the latter was used only
in the case of free, soluble, polymers. The nitrile group
from the AN unit in the precursor (co)polymers is clearly
visible by both spectral methods. This group absorbs at
ca. 2240 cm-1 (νCN) in the IR region, and an easily
distinguishable peak of the quaternary carbon atom is
observed at 120 ppm in the NMR spectra.

The disappearance of the spectral signal of the nitrile
group during the chemical transformation shown in
Scheme 1 was used to monitor the degree of conversion

and to optimize the reaction conditions. For instance,
when 2 equiv of NaN3 and ZnCl2 vs nitrile from a SAN
copolymer was used and the reaction time was 40 h,
about 60% of the nitrile groups were converted to
tetrazole. When the ratio of azide and Lewis acid to
nitrile was increased to 4 and the reaction was carried
out for 50 h, the modification was much more efficient.
No unreacted cyano groups could be seen in the IR
spectrum of the obtained product, and only insignificant
signal at 120 ppm was evident in the NMR spectrum.
The “click” reaction was slightly less efficient for the
case of modification of SAN-coated particles. Although
a significant decrease of the IR absorbance at 2240 cm-1

was observed in the particles treated with sodium azide
and zinc chloride, in all cases unreacted nitrile groups
were still present. In the other polymeric tetrazole
syntheses, the same ratio of the reagents and reaction
temperature were used. Figures 1 and 2 indicate the

Table 2. TGA of AN-Containing Precursors and the Polymeric Tetrazoles Derived Therefrom

entry polymer Td,onset, °C Td,10%, °Ca Td,max1, °Cb Td,max2, °Cb weight loss, %c

1 polyAN 255 277 272 53
2 poly5VT 120d 276 237 87d

3 poly(AN-b-Sty) 296 372 319 424 93
4 poly(5VT-b-Sty) 181 270 233 414 94
5 polySAN 303 354 396 96
6 poly(Sty-co-5VT) 196 239 230 382 95
7 PSty-SO2-polySAN 260 348 397 97
8 PSty-SO2-poly(Sty-co-5VT) 184 244 229 392 92
9 SiO2-iB-polySAN 236 351 363 32

10 SiO2-iB-poly(Sty-co-5VT) 188 342 225 368 33
a Temperature at which 10% of the sample weight has been lost. b Temperature of highest decomposition rate as determined from the

maximum in the first derivative of the TGA curve. In the cases when two peaks were observed, they are indexed with the subscripts 1
and 2. c For the temperature range 25-800 °C. d Because of “explosive” decomposition of the polymer, it was difficult to reproduce the
results within (15 °C. The average value from five measurements is given in the table.

Figure 3. TGA curves of well-defined polymeric tetrazoles and the corresponding AN-based precursors: (a) homopolymers, (b)
block copolymers, (c) random copolymers, and (d) supported random copolymers.
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complete chemical modification of both polyAN and the
block copolymer (AN)39(Sty)90. The formed tetrazole ring
has a characteristic IR absorbance at 3400-3000 cm-1

(associated N-H), 2800-2300 cm-1 (N+-H), and 1555
cm-1 (νCdN). In the NMR spectrum, a new peak corre-
sponding to the quaternary carbon atom of the azole
ring was observed at 157 ppm.21

The solubility of the tetrazole-containing polyacids
was distinctly different if compared to the AN-unit-
containing precursor polymeric materials. Thus, polySAN
is soluble in chloroform, toluene, THF and insoluble in
protic solvents. The ionomer with 5VT units prepared
from polySAN is soluble in methanol and swells in
water. The homopolymer of 5VT (synthesized from
polyAN) dissolved well in aqueous sodium hydroxide
solution.

The synthesized polymers with pendant tetrazole
groups were further characterized by TGA, and the
results are compared to the nitrile-based precursors
(Table 2 and Figure 3).

The thermal decomposition of the poly5VT derived
from polyAN in nitrogen atmosphere (heating from 50
to 280 °C) was accompanied by a significant volume
change due to the evolution of large amount of gases.
The maximum decomposition rate was observed at 237
°C. It is reported that under air, at a heating rate of 5
°C/min, poly5VT decomposes thermally in two stages,
the first being the degradation of the azole ring (Td,max
) 291 °C) and the second the thermooxidative destruc-
tion of the polymeric residue (Td,max ) 342 °C).48 In the
polymer studied by us the second peak was not observed
since all TGA experiments were carried out under a
nitrogen atmosphere. The first decomposition peak was
observed at lower temperature compared to the litera-
ture value, which can be attributed to the higher
heating rate used in our experiments. Indeed, it was
shown that the gas-release curves of poly5VT decom-
position are shifted toward lower temperatures as the
heating rate was increased.48 The gaseous products of
the thermolysis of poly5VT under argon contain nitro-
gen (major component), hydrogen azide, and methane,
and the exact composition as well as the mode of
decomposition depends on the heating rate. When the
heating rate was as high as 40 °C/min, explosive
decomposition of the polymer was observed.48 In sum-
mary, the polyAN precursor was thermally significantly
more stable than the polymeric tetrazole (see entries 1
and 2 in Table 2 and Figure 3a).

A weight loss from all other synthesized polymeric
tetrazoles could also be readily observed in the thermo-
grams at 200-250 °C, which is in agreement with
literature data.21,48 In all cases, the tetrazole-containing
polymers decompose at lower temperature compared to
the AN-based precursors. The SAN random copolymers
(both free and supported on particles) decomposed at
around 360-396 °C (Table 2, entries 5, 7, and 9; Figure
3c,d), which compares well to the literature value for
polySAN (Td,max ) 390 °C for copolymers of molecular
weights ranging from 1 × 104 to 7.4 × 105 g/mol49). Since
silica is stable under the heating conditions, a residual
weight of about 30% was observed when heating the
silica-polymer composite materials. The polystyrene
particles decomposed at these conditions, as evidenced
from the results in Table 2.

Conclusions
Well-defined homo- and copolymers (both random and

block, including supported polymers on polystyrene or

silica particles) of AN were synthesized using cop-
per-mediated ATRP. To obtain a low-polydispersity
Sty-AN block copolymer, the polyAN block was syn-
thesized first, and the obtained polyAN-Br macroini-
tiator was chain-extended with Sty. All nitrile-group-
containing polymeric materials were modified to the
corresponding tetrazoles using the reaction with sodium
azide and zinc chloride in DMF. The optimum results
were achieved when the reaction was carried out at 120
°C for 50 h using a ratio of the reagents NaN3:ZnCl2:
RCN equal to 4:4:1. The tetrazole-based polyacids
prepared by this “click chemistry” reaction were char-
acterized by IR and 13C NMR spectroscopy. The 5VT
homopolymers and random copolymers had markedly
better solubilities in protic solvents than the starting
materials being soluble in alkaline aqueous solutions.
The polymeric tetrazoles were significantly less ther-
mally stable than the AN-based precursors (the onset
decomposition temperatures of the tetrazoles being
lower by more than 100 °C).

Acknowledgment. The authors are grateful to the
members of the CRP consortium at Carnegie Mellon
University (CMU) for funding. The financial support
from NSF (Grant DMR 0090409) is also acknowledged.
N.V.T. gratefully acknowledges the support from the
Harrison Legacy Dissertation Fellowship (CMU). K.V.B.
thanks the FWO (Fund for scientific research-Flanders,
Belgium) for a Ph.D. scholarship.

References and Notes

(1) Butler, R. N. In Comprehensive Heterocyclic Chemistry, 4A;
Katritzky, A. R., Rees, C. W., Eds.; Pergamon: Oxford, 1984;
Vol. 5, p 791.

(2) Koldobskii, G. I.; Ostrovskii, V. A. Russ. Chem. Rev. 1994,
63, 797.

(3) Butler, R. N. In Comprehensive Heterocyclic Chemistry II;
Katritzky, A. R., Rees, C. W., Scriven, E. F. V., Eds.;
Elsevier: Oxford, 1996; Vol. 4, p 621.

(4) Herr, R. J. Bioorg. Med. Chem. 2002, 10, 3379.
(5) Moore, D. S.; Robinson, S. D. Adv. Inorg. Chem. 1988, 32,

171.
(6) Lavrenova, L. G.; Larionov, S. V. Russ. J. Coord. Chem. 1998,

24, 379.
(7) Beaucage, S. L.; Iyer, R. P. Tetrahedron 1993, 49, 10441.
(8) Sagan, C.; Thompson, W. R.; Khare, B. N. Acc. Chem. Res.

1992, 25, 286.
(9) Benson, F. R. Chem. Rev. 1947, 41, 1.

(10) Butler, R. N. Adv. Heterocycl. Chem. 1977, 21, 323.
(11) Wittenberger, S. J. Org. Prep. Proc. Int. 1994, 26, 499.
(12) Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Angew. Chem., Int.

Ed. 2001, 40, 2004.
(13) Demko, Z. P.; Sharpless, K. B. Angew. Chem., Int. Ed. 2002,

41, 2110.
(14) Demko, Z. P.; Sharpless, K. B. Angew. Chem., Int. Ed. 2002,

41, 2113.
(15) Demko, Z. P.; Sharpless, K. B. J. Org. Chem. 2001, 66, 7945.
(16) Himo, F.; Demko, Z. P.; Noodleman, L.; Sharpless, K. B. J.

Am. Chem. Soc. 2003, 125, 9983.
(17) O’Reilly, R. K.; Hawker, C. J.; Wooley, K. L. Polym. Prepr.

2004, 45, 780.
(18) Wu, P.; Feldman, A. K.; Nugent, A. K.; Hawker, C. J.; Scheel,

A.; Voit, B.; Pyun, J.; Frechet, J. M. J.; Sharpless, K. B.;
Fokin, V. V. Angew. Chem., Int. Ed. 2004, 43, 3928.

(19) Taden, A.; Tait, A. H.; Kraft, A. J. Polym. Sci., Part A: Polym.
Chem. 2002, 40, 4333.

(20) Kizhnyaev, V. N.; Vereshchagin, L. I. Russ. Chem. Rev. 2003,
72, 143.

(21) Gaponik, P. N.; Ivashkevich, O. A.; Karavai, V. P.; Lesnik-
ovich, A. I.; Chernavina, N. I.; Sukhanov, G. T.; Gareev, G.
A. Angew. Makromol. Chem. 1994, 219, 77.

(22) Huang, M.-R.; Li, X.-G.; Li, S.-X.; Zhang, W. React. Funct.
Polym. 2004, 59, 53.

(23) Annenkov, V. V.; Kruglova, V. J. Polym. Sci., Part A: Polym.
Chem. 1993, 31, 1903.

9312 Tsarevsky et al. Macromolecules, Vol. 37, No. 25, 2004



(24) Matyjaszewski, K., Ed. Controlled Radical Polymerization;
ACS Symp. Ser. 1998, 685.

(25) Matyjaszewski, K., Ed. Controlled/Living Radical Polymer-
ization. Progress in ATRP, NMP, and RAFT; ACS Symp. Ser.
2000, 768.

(26) Matyjaszewski, K., Davis, T. P., Eds. Handbook of Radical
Polymerization; Wiley: Hoboken, 2002.

(27) Matyjaszewski, K., Ed. Advances in Controlled/Living Radi-
cal Polymerization; ACS Symp. Ser. 2003, 854.

(28) Wang, J.-S.; Matyjaszewski, K. J. Am. Chem. Soc. 1995, 117,
5614.

(29) Kato, M.; Kamigaito, M.; Sawamoto, M.; Higashimura, T.
Macromolecules 1995, 28, 1721.

(30) Patten, T. E.; Xia, J.; Abernathy, T.; Matyjaszewski, K.
Science (Washington, D.C.) 1996, 272, 866.

(31) Kamigaito, M.; Ando, T.; Sawamoto, M. Chem. Rev. 2001, 101,
3689.

(32) Matyjaszewski, K.; Xia, J. Chem. Rev. 2001, 101, 2921.
(33) Davis, K. A.; Matyjaszewski, K. Adv. Polym. Sci. 2002, 159,

2.
(34) Coessens, V.; Pintauer, T.; Matyjaszewski, K. Prog. Polym.

Sci. 2001, 26, 337.
(35) Matyjaszewski, K.; Jo, S. M.; Paik, H.-j.; Gaynor, S. G.

Macromolecules 1997, 30, 6398.
(36) Matyjaszewski, K.; Jo, S. M.; Paik, H.-j.; Shipp, D. A.

Macromolecules 1999, 32, 6431.
(37) Tsarevsky, N. V.; Sarbu, T.; Goebelt, B.; Matyjaszewski, K.

Macromolecules 2002, 35, 6142.

(38) Kowalewski, T.; Tsarevsky, N. V.; Matyjaszewski, K. J. Am.
Chem. Soc. 2002, 124, 10632.

(39) Zil’berman, E. N. Russ. Chem. Rev. 1986, 55, 39.
(40) Tsarevsky, N. V.; Dufour, B.; Matyjaszewski, K. Polym. Prepr.

2004, 45, 1065.
(41) Keller, R. N.; Wycoff, H. D. Inorg. Synth. 1946, II, 1.
(42) Savin, D. A.; Pyun, J.; Patterson, G. D.; Kowalewski, T.;

Matyjaszewski, K. J. Polym. Sci., Part B: Polym. Phys. 2002,
40, 2667.

(43) Pyun, J.; Jia, S.; Kowalewski, T.; Patterson, G. D.; Matyjas-
zewski, K. Macromolecules 2003, 36, 5094.

(44) Ejaz, M.; Yamamoto, S.; Ohno, K.; Tsujii, Y.; Fukuda, T.
Macromolecules 1998, 31, 5934.

(45) Husseman, M.; Malmstrom, E. E.; McNamara, M.; Mate, M.;
Mecerreyes, D.; Benoit, D. G.; Hedrick, J. L.; Mansky, P.;
Huang, E.; Russell, T. P.; Hwker, C. J. Macromolecules 1999,
32, 1424.

(46) Pyun, J.; Matyjaszewski, K. Chem. Mater. 2001, 13, 3436.
(47) Pyun, J.; Kowalewski, T.; Matyjaszewski, K. Macromol. Rapid

Commun. 2003, 24, 1043.
(48) Levchik, S. V.; Bol’vanovich, E. E.; Lesnikovich, A. I.; Ivash-

kevich, O. A.; Gaponik, P. N.; Vyazovkin, S. V. Thermochim.
Acta 1990, 168, 211.

(49) Igarashi, S.; Kambe, H. Makromol. Chem. 1964, 79, 180.

MA048207Q

Macromolecules, Vol. 37, No. 25, 2004 (Co)polymers with 5-Vinyltetrazole Units 9313


