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Anthracene-containing polymers are of considerable scientific
and industrial interest due to their attractive features as
fluorescent labels, photon harvesters, and electro- and photo-
luminescent materials. Although much attention has been paid
to conjugated polymers, such as poly(anthrylene)s,1,2 poly-
(anthrylenevinylene)s,3-5 poly(anthryleneethynylene)s,6,7 and
their copolymers with extended conjugation, in some cases high
crystallinity of the anthracene units prevents the formation of
stable flexible film. Another drawback of these systems is that
the anthracene rings do not lie in the same plane due to the
steric hindrance and rotation in carbon-carbon single bond,
resulting in relatively low conjugation along the backbone.

Recently considerable interest has been devoted to noncon-
jugated polymers with anthracene units in the main chain, in
which electrophonic anthracene units are connected by non-
conjugated segments. For instance, Mu¨llen et al. reported the
synthesis of a series of nonconjugated polymers having an-
thracene units linked in the 9,10-position with flexible alkyl
chains, which include poly(trimethyleneanthrylene)s,8,9 poly-
(octamethyleneanthrylene)s,10 and poly(9,10-oxymethylenean-
thrylene)s.11 They also demonstrated that these nonconjugated
polymers could be successfully doped with iodine to afford
paramagnetism and enhanced electrical conductivity; i.e., ex-
tended conjugation along the main chain is not a prerequisite
for achieving enhanced electronic conductivity.11 Synthesis and
characterization of various polyamides,12,13polyesters,14,15poly-
ethers,14 and polyurethanes13 containing anthracene units in the
main chain have also been reported by several groups. However,
it was difficult to control the molecular weights, polydispersity,
composition, and their architectures, since these polymers were
synthesized by stepwise polymerization.

This communication reports the synthesis of well-defined
polymers containing anthracene units in the main chain by
radical ring-opening polymerization via reversible addition-
fragmentation chain transfer (RAFT) process. To manipulate
unique electronic and photonic functions of these anthracene-
containing polymers, it is desirable to control various factors,
including chemical structures of the main chain, chain length,
location, and stacking of the anthracene units. For the purpose,
we employed 10-methylene-9,10-dihydroanthryl-9-spirophenyl-
cyclopropane (MDS) as a vinylcyclopropane derivative, which
undergoes ring-opening polymerization with the release of the
ring strain of the cyclopropane ring and the formation of a stable
aromatic ring as the driving force.16,17Among various controlled

radical polymerizations, we selected the RAFT process because
it is the most versatile with respect to the monomer and the
reaction medium and leads to the development of novel
polymeric materials with a variety of functional groups and
unique properties.18,19

Free radical ring-opening polymerization produces polymers
with functional groups, such as ethers, esters, amides, and
carbonates incorporated into the backbone of polymer chain,20

which cannot be achieved by conventional radical polymeriza-
tion of vinyl monomers. Recently, several attempts have been
made to extend the controlled radical polymerization of vinyl
monomer to ring-opening polymerization process of cyclic
monomers. However, cyclic monomers employed for ring-
opening controlled radical polymerizations were mainly limited
to cyclic ketene acetals21-24 and cyclic acrylates,25 which
afforded polyesters and poly(R-ketoester)s, respectively.

In this study, the cyclic monomer (MDS) was synthesized
by the Wittig reaction of anthrone-9-spirophenylcyclopropane,
which was prepared by the reaction of a large excess of styrene
with 10-diazoanthrone. The cyclic monomer, MDS, is highly
reactive and could not be handled at room temperature without
a stabilizer.16 From our preliminary results (see Supporting
Information, Table S1), we selected the cyclic monomer
containing 1 wt % triethylenediamine and the silanized glass
ampule for further investigations. The cyclic monomer was
polymerized using two different chain transfer agents (CTAs),
namely benzyl dithiobenzoate (CTA 1)26,27 and benzyl 1-pyr-
rolecarbodithioate (CTA 2)28,29 as shown in Scheme 1, under
various conditions. The results are summarized in Table 1. When
the polymerization was carried out using CTA 1 with AIBN as
an initiator at [M]0/[CTA]0/[AIBN] 0 ) 100/2/1 in toluene at
80 °C for 20 h, the characteristic pale red solution remained
during the polymerization. The polymer was obtained as a
powder after the precipitation into diethyl ether, and the polymer
yield was 80%, which is slightly lower than the monomer
conversion (94%) determined by1H NMR spectroscopy. As can
be seen in Figure 1b, the resulting polymer showed symmetrical
SEC peak with relatively narrow molecular weight distribution
(Mw/Mn ) 1.43). The number-average molecular weight,
measured by a GPC in DMF with 10 mM LiBr, wasMn ) 5900,
which is lower than the theoretical value (Mn ) 12 000)
calculated from the monomer/CTA molar ratio and the polymer
yield. The resulting polymer was soluble in dichloromethane,
chloroform, THF, dioxane, and DMF while insoluble in ethyl
acetate, diethyl ether, hexane, ethanol, methanol, and water.

The polymerization of the cyclic monomer, MDS, in the
presence of CTA 2 under the same conditions afforded a
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Scheme 1. Ring-Opening Polymerization of
10-Methylene-9,10-dihydroanthryl-9-spirophenylcyclopropane
(MDS) in the Presence of Chain Transfer Agent (CTA) with

2,2′-Azobis(isobutyronitrile) (AIBN)
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homopolymer with lower yield (59%), while there was no
significant difference in the polydispersity and molecular
weights (Mn ) 5600 andMw/Mn ) 1.53). In contrast, the
polymer with slightly higher molecular weight and broader
polydispersity (Mn ) 9000 andMw/Mn ) 1.66, entry 1) was
obtained by a conventional radical polymerization in the absence
of CTA. In this case, the polymer yield (50%) was apparently
lower than the conversion (97%) determined by1H NMR
spectroscopy, which may be due to unfavorable side reactions,
such as dimerization, resulting in the decrease in the polymer
yield. This behavior may also leads to the fact that the con-
ventional polymerization had a lower yield than the polymeriza-
tion with CTA 1 under the same conditions. Further studies on
this point are now in progress and will be communicated sep-
arately. The polymerization of MDS with AIBN and CTA 1 at
lower temperature, 60°C, produced the polymer with a narrow
molecular weight distribution (Mw/Mn ) 1.17, Mn ) 3000),
while achieving only 15% polymer yield even after 20 h.

The influence of the ratio of CTA to initiator on the
polymerization behavior was also investigated. The polymeri-
zation of the cyclic monomer was conducted with different
[CTA]0/[AIBN] 0 ratios at a constant monomer-to-initiator, [M]0/
[AIBN] 0 ) 100, in toluene at 80°C for 20 h. As shown in
Table 1, a significant influence on the polydispersity was
observed, as the concentration ratio of CTA 1 to initiator
increased up to [CTA]0/[AIBN] 0 ) 5/1. When the polymeri-
zation was conducted at [M]0/[CTA]0/[AIBN] 0 ) 100/5/1, the
polymer having a narrow polydispersity (Mw/Mn ) 1.14,Mn )
2700, Figure 1a) was obtained with a moderate conversion
(62%). In this case, the polymer yield was 60%, which is
apparently lower than those observed at [CTA 1]0/[AIBN] 0 )
1 and 2 (yield) 72-80%), suggesting that a higher [CTA]0/

[AIBN] 0 ratio resulted in lower rates of the polymerization due
to a decrease in the number of radicals available for propagation.
The polymerization of MDS was also conducted at different
[M] 0:[CTA 1]0 ratios between 20 and 100, keeping the CTA-
to-initiator ratio at a constant value of [CTA 1]0/[AIBN] 0 )
5/1. Under the conditions, the values of the molecular weight
distributions remain low (Mw/Mn ) 1.14-1.20).

Table 1 shows that in all cases the experimental molecular
weights are lower than calculated ones, which is due to the
difference in hydrodynamic volume between poly(MDS) and
the linear polystyrene standards used for GPC calibration. This
presumption was confirmed by measuring representative samples
using GPC with a right-angle laser light scattering detector
(GPC-RALLS), which was used for the determination of the
absolute molecular weights. The polymers obtained at the
[MDS]0/[CTA 1]0/[AIBN] 0 ratios of 100/2/1 and 100/1/1 had
Mw,GPC-RALLS ) 11 000 andMw/Mn ) 1.34 (Mn,GPC-RALLS )
8200, as determined by GPC-RALLS), compared to
Mn,GPC(THF)) 5400 (Mw/Mn ) 1.40),Mn,GPC(DMF)) 5900 (Mw/
Mn ) 1.43), andMw,GPC-RALLS ) 14 000 andMw/Mn ) 1.48
(Mn,GPC-RALLS ) 9500), compared toMn,GPC(THF)) 6400 (Mw/
Mn ) 1.48),Mn,GPC(DMF)) 6800 (Mw/Mn ) 1.52), respectively.

The structures of the resulting polymers were confirmed by
FT-IR, 1H NMR, and13C NMR measurements. In the13C NMR
spectrum of the resulting polymer, in addition to the resonances
attributed to aromatic carbons at 124-145 ppm, two charac-
teristic resonances are clearly observed at 49.3 and 33.5 ppm
(see Supporting Information, Figure S1), which are attributable
to two different aliphatic carbons in the polymer backbone. The
comparison of the13C NMR spectra of the cyclic monomer,
MDS, and poly(MDS) reveals that the signals of the cyclopro-
pane ring observed at 39.7 and 12.3 ppm completely disappear
after the polymerization. The characteristic resonances at 3.5-
4.5 (methylene and methine protons) and 6.5-8.2 ppm (phenyl
and anthryl) were clearly observed in the1H NMR spectrum of
the poly(MDS) (see Supporting Information, Figure S2). The
resonances around 2.1-2.4 ppm, which were observed in the
spectrum of the cyclic monomer, were invisible, suggesting the
absence of the polymer having cyclopropane ring structure. In
addition, the signals at 8.3 and 7.4 ppm attributed to the
dithioester end group were clearly observed in poly(MDS)
prepared by RAFT polymerization (Figure S2b), indicating that
the polymer chain end is capped with the fragments of CTA as
expected according to the general mechanism of the RAFT
process. The molecular weight calculated by comparison of the
signals at 3.5-4.5 ppm corresponding to the methine and
methylene protons in the main chain to the signal at 8.3 ppm
corresponding to two protons of the end group isMn,NMR )
2500, which is comparable to the theoretical value (Mn,theory)
2500) and the observed value (Mn,GPC ) 3000).

Table 1. Polymerization of 10-Methylene-9,10-dihydroanthryl-9-spirophenylcyclopropane (MDS) Using 2,2′-Azobis(isobutyronitrile) (AIBN) in
Toluenea

entry CTA [M]0/[CTA]0/[I] 0
b temp (°C) time (h) yieldc (%) Mn

d (theory) Mn
e(SEC) Mw/Mn

e(SEC)

1 80 20 50 9000 1.66
2 CTA 1 100/2/1 80 20 80 12000 5900 1.43
3 CTA 1 100/2/1 60 20 15 2500 3000 1.17
4 CTA 2 100/2/1 80 20 59 9000 5600 1.53
5 CTA 1 100/1/1 80 20 72 21000 6800 1.52
6 CTA 1 100/5/1 80 20 60 3800 2700 1.14
7 CTA 1 500/5/1 80 48 54 16000 4400 1.20

a Monomer concentration) 0.17 g/mL.b CTA 1 ) benzyl dithiobenzoate, CTA 2) benzyl 1-pyrrolecarbodithioate (see Scheme 1), where M) 10-
methylene-9,10-dihydroanthryl-9-spirophenylcyclopropane (MDS), CTA) chain transfer agent, and I) 2,2′-azobis(isobutyronitrile) (AIBN).c Diethyl ether-
insoluble part.d The theoretical molecular weight (Mn,theory) ) (MW of MDS) × [MDS]0/[CTA]0 × yield + (MW of CTA). e Number-average molecular
weight (Mn) and molecular weight distribution (Mw/Mn) were measured by size-exclusion chromatography (SEC) using polystyrene standards inN,N-
dimethylformamide (DMF, 10 mM LiBr).

Figure 1. Size-exclusion chromatography (SEC) traces of poly(MDS)s
prepared by the polymerizations at [MDS]0/[CTA 1]0/[AIBN] 0 ) 100/
5/1 (a) and 100/2/1 (b) and without chain transfer agent (CTA) (c),
where MDS) 10-methylene-9,10-dihydroanthryl-9-spirophenylcyclo-
propane, CTA 1) benzyl dithiobenzoate, and AIBN) 2,2′-azobis-
(isobutyronitrile).
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The FT-IR spectrum of the resulting polymer showed a strong
absorption at 748 cm-1 (see Supporting Information, Figure S3).
This can be assigned to the typical C-H out-of-plane bending
mode of the four adjacent hydrogen on the anthracene units,30

indicating the 9,10 linkage of the anthracene moieties in the
backbone. The strong peak observed at 910 cm-1 in the
monomer disappeared completely, suggesting the comsumption
of the vinyl group during the polymerization. The C-H
stretching vibration at 2900-3100 cm-1 and bending vibration
at 1450 and 1365 cm-1 were also observed. These spectroscopic
results clearly indicate that the cyclopropane ring in the cyclic
monomer was opened completely, and the polymerization
proceeded predominantly via the radical ring-opening process.

Figure 2 shows the absorbance and fluorescence spectra of
the poly(MDS)s measured in CHCl3. The polymers exhibit the
first absorption band around 260 nm assigned to the anthracene
moiety and second absorption at 330-430 nm. The latter band
may stem from adjacent anthracene moieties. The emission of
poly(MDS)s exited at 384 nm is observed at 420 and 445 nm.
In addition to these peaks, a shoulder peak is visible at 470 nm
and a broad tailing of the peak is observed until around 570
nm. There is no significant difference in the peak position
between the polymers obtained in the presence and absence of
CTA. The poly(MDS)s exhibited a blue fluorescence upon
excitation at 365 nm (see Supporting Information, Figure S4).
From these absorbance and fluorescence spectra, it is reasonable
to consider that the main-chain anthracene groups in poly(MDS)
are close enough to produce electronic interaction in solution.

In conclusion, we have demonstarted that RAFT polymeri-
zation of the cyclic monomer (MDS) allowes the synthesis of
well-defined polymers containing anthracene units in the main
chain. To the best of our knowledge, this is the first attempt to
synthesize nonconjugated polymers having low polydispersity
with anthracene units in the main chain via the chain ring-
opening RAFT process.
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References and Notes

(1) Baumgarten, M.; Mu¨ller, U.; Bohnen, A.; Mu¨llen, K. Angew. Chem.,
Int. Ed. 1992, 31, 448-451.

(2) Hodge, P.; Power, G. A.; Rabjohns, M. A.Chem. Commun.
(Cambridge, U.K.)1997, 73-74.

(3) Weitzel, H.; Bohnen, A.; Mu¨llen, K. Makromol. Chem.1990, 191,
2815-2835.

(4) Weizel, H.; Mullen, K.Makromol. Chem.1990, 191, 2837-2851.
(5) Park, L. S.; Han, Y. S.; Hwang, J. S.; Kim, S. D.J. Polym. Sci.,

Part A: Polym. Chem.2000, 38, 3173-3180.
(6) Kaneko, T.; Makino, T.; Miyaji, H.; Teraguchi, M.; Aoki, T.;

Miyasaka, M.; Nishide, H.J. Am. Chem. Soc.2003, 125, 3554-
3557.

(7) Kaneko, T.; Matsubara, T.; Aoki, T.Chem. Mater.2002, 14, 3898-
3906.

(8) Bender, D.; Unterberg, H.; Mu¨llen, K. Angew. Chem., Int. Ed. Engl.
1986, 25, 444-446.

(9) Bender, D.; Przybylski, M.; Mu¨llen, K. Makromol. Chem.1989, 190,
2071-2078.

(10) Sinigersky, V.; Mu¨llen, K.; Klapper, M.; Schopov, I.AdV. Mater.
2000, 12, 1058-1060.

(11) Sinigersky, V.; Mu¨llen, K.; Klapper, M.; Schopov, I.Macromol.
Chem. Phys.2000, 201, 1134-1140.

(12) Rabjohns, M. A.; Hodge, P.; Lovell, P. A.Polymer1997, 38, 3395-
3407.

(13) Fomine, S.; Marin, M.; Fomina, L.; Salcedo, R.; Sansores, E.;
Mendez, J. M.; Jimenez, C. F.; Ogawa, T.Polym. J.1996, 28, 641-
646.

(14) Mikroyannidis, J. A.Polymer2000, 41, 8193-8204.
(15) Jones, J. R.; Liotta, C. L.; Collard, D. M.; Schiraldi, D. A.

Macromolecules1999, 32, 5786-5792.
(16) Cho, I.; Song, K. Y.J. Polym. Sci., Part A: Polym. Chem.1994,

32, 1789-1791.
(17) Cho, I.Prog. Polym. Sci.2000, 25, 1043-1087.
(18) Chiefari, J.; Chong, Y. K.; Ercole, F.; Krstina, J.; Jeffery, J.; Le, T.

P. T.; Mayadunne, R. T. A.; Meijs, G. F.; Moad, C. L.; Moad, G.;
Rizzardo, E.; Thang, S. H.Macromolecules1998, 31, 5559-5562.

(19) Moad, G.; Rizzardo, E.; Thang, S. H.Aust. J. Chem.2005, 58, 379-
410.

(20) Sanda, F.; Endo, T.J. Polym. Sci., Part A: Polym. Chem.2001, 39,
265-276.

(21) Wei, Y.; Connors, E. J.; Jia, X. R.; Wang, B.Chem. Mater.1996, 8,
604-606.

(22) Wei, Y.; Connors, E. J.; Jia, X. R.; Wang, C.J. Polym. Sci., Part A:
Polym. Chem.1988, 36, 761-771.

(23) Yuan, J. Y.; Pan, C. Y.Eur. Polym. J.2002, 38, 1565-1571.
(24) He, T.; Zou, Y. F.; Pan, C. Y.Polym. J.2002, 34, 138-143.
(25) Chung, I. S.; Matyjaszewski, K.Macromolecules2003, 36, 2995-

2998.
(26) Chong, Y. K.; Krstina, J.; Le, T. P. T.; Moad, G.; Postma, A.;

Rizzardo, E.; Thang, S. H.Macromolecules2003, 36, 2256-2272.
(27) Mori, H.; Iwaya, H.; Nagai, A.; Endo, T.Chem. Commun. (Cam-

bridge, U.K.)2005, 4872-4874.
(28) Chiefari, J.; Mayadunne, R. T. A.; Moad, C. L.; Moad, G.; Rizzardo,

E.; Postma, A.; Skidmore, M. A.; Thang, S. H.Macromolecules2003,
36, 2273-2283.

(29) Mori, H.; Nakano, S.; Endo, T.Macromolecules2005, 38, 8192-
8201.

(30) Zheng, J.; Zhan, C.; Wu, S.; Zhou, L.; Yang, X.; Zhan, R.; Qin, J.
Polymer2002, 43, 1761-1765.

MA0612879

Figure 2. (a) Absorption (3.4× 10-5 anthracene unit mol L-1) and
(b) fluorescent (8.5× 10-7 anthracene unit mol L-1, λex ) 384 nm)
spectra of the poly(10-methylene-9,10-dihydroanthryl-9-spirophenyl-
cyclopropane)s, poly(MDS)s, obtained by reversible addition-
fragmentation chain transfer (RAFT) polymerization in the presence
of chain transfer agent (CTA) (entry 6, Table 1) and conventional radical
polymerization (entry 1).
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