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Anthracene-containing polymers are of considerable scientific Poly(MDS)
and industrial interest due to their attractive features as
fluorescent labels, photon harvesters, and electro- and photo-radical polymerizations, we selected the RAFT process because
luminescent materials. Although much attention has been paidit is the most versatile with respect to the monomer and the
to conjugated polymers, such as poly(anthrylefé)poly- reaction medium and leads to the development of novel
(anthrylenevinylene)%;5 poly(anthryleneethynylene§s, and polymeric materials with a variety of functional groups and
their copolymers with extended conjugation, in some cases highunique propertie$s19
crystallinity of the anthracene units prevents the formation of  Free radical ring-opening polymerization produces polymers
stable flexible film. Another drawback of these systems is that with functional groups, such as ethers, esters, amides, and
the anthracene rings do not lie in the same plane due to thecarbonates incorporated into the backbone of polymer cfain,
steric_hindrance and rotation in carbecarbon single bond,  which cannot be achieved by conventional radical polymeriza-
resulting in relatively low conjugation along the backbone.  tion of vinyl monomers. Recently, several attempts have been
Recently considerable interest has been devoted to nonconmade to extend the controlled radical polymerization of vinyl
jugated polymers with anthracene units in the main chain, in monomer to ring-opening polymerization process of cyclic
which electrophonic anthracene units are connected by non-monomers. However, cyclic monomers employed for ring-
conjugated segments. For instance;llgtu et al. reported the  opening controlled radical polymerizations were mainly limited
synthesis of a series of nonconjugated polymers having an-to cyclic ketene aceté?s24 and cyclic acrylated® which
thracene units linked in the 9,10-position with flexible alkyl afforded polyesters and poly{ketoester)s, respectively.
chains, which include poly(trimethyleneanthrylen&jspoly- In this study, the cyclic monomer (MDS) was synthesized
(octamethyleneanthrylene)$and poly(9,10-oxymethylenean-  py the Wittig reaction of anthrone-9-spirophenylcyclopropane,
thrylene)s!* They also demonstrated that these nonconjugated which was prepared by the reaction of a large excess of styrene
polymers could be successfully doped with iodine to afford with 10-diazoanthrone. The cyclic monomer, MDS, is highly
paramagnetism and enhanced electrical conductivity; i.e., ex-reactive and could not be handled at room temperature without
tended conjugation along the main chain is not a prerequisite 3 stabilizet6 From our preliminary results (see Supporting
for achieving enhanced electronic COﬂdUCtI\}'&)SyntheSIS and Information, Table S1), we selected the cyclic monomer
characterization of various polyamid&s? polyesters;*'>poly- containing 1 wt % triethylenediamine and the silanized glass
ethers}* and polyurethané¥containing anthracene units inthe  ampule for further investigations. The cyclic monomer was
main chain have also been reported by several groups. Howeverpolymerized using two different chain transfer agents (CTAS),
it was difficult to control the molecular weights, polydispersity, namely benzyl dithiobenzoate (CTA28§7 and benzyl 1-pyr-
composition, and their architectures, since these polymers wererolecarbodithioate (CTA 2§2°as shown in Scheme 1, under
synthesized by stepwise polymerization. various conditions. The results are summarized in Table 1. When
This communication reports the synthesis of well-defined the polymerization was carried out using CTA 1 with AIBN as
polymers containing anthracene units in the main chain by an initiator at [Mp/[CTA]o/[AIBN] o = 100/2/1 in toluene at
radical ring-opening polymerization via reversible additon 80 °C for 20 h, the characteristic pale red solution remained
fragmentation chain transfer (RAFT) process. To manipulate during the polymerization. The polymer was obtained as a
unique electronic and photonic functions of these anthracene-powder after the precipitation into diethyl ether, and the polymer
containing polymers, it is desirable to control various factors, yield was 80%, which is slightly lower than the monomer
including chemical structures of the main chain, chain length, conversion (94%) determined B NMR spectroscopy. As can
location, and stacking of the anthracene units. For the purpose be seen in Figure 1b, the resulting polymer showed symmetrical
we employed 10-methylene-9,10-dihydroanthryl-9-spirophenyl- SEC peak with relatively narrow molecular weight distribution
cyclopropane (MDS) as a vinylcyclopropane derivative, which (m,/M, = 1.43). The number-average molecular weight,
undergoes ring-opening polymerization with the release of the measured by a GPC in DMF with 10 mM LiBr, w4, = 5900,
ring strain of the cyclopropane ring and the formation of a stable which is lower than the theoretical valudl{ = 12 000)
aromatic ring as the driving forc€.!’ Among various controlled  calculated from the monomer/CTA molar ratio and the polymer
yield. The resulting polymer was soluble in dichloromethane,
*To whom correspondence should be addressed: e-mail h.mori@ chloroform, THF, dioxane, and DMF while insoluble in ethyl
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Table 1. Polymerization of 10-Methylene-9,10-dihydroanthryl-9-spirophenylcyclopropane (MDS) Using 2:2Azobis(isobutyronitrile) (AIBN) in

Toluene?
entry CTA [M]o/[CTA]/[1] temp €C) time (h) yield (%) Mnd (theory) Mne(SEC) Mw/M#(SEC)

1 80 20 50 9000 1.66

2 CTA1l 100/2/1 80 20 80 12000 5900 1.43
3 CTA1l 100/2/1 60 20 15 2500 3000 1.17
4 CTA2 100/2/1 80 20 59 9000 5600 1.53
5 CTA1l 100/1/1 80 20 72 21000 6800 1.52
6 CTA1l 100/5/1 80 20 60 3800 2700 1.14
7 CTA1l 500/5/1 80 48 54 16000 4400 1.20

aMonomer concentratios= 0.17 g/mL.P CTA 1 = benzyl dithiobenzoate,

CTA 2 benzyl 1-pyrrolecarbodithioate (see Scheme 1), where: MIO-

methylene-9,10-dihydroanthryl-9-spirophenylcyclopropane (MDS), &l¢hain transfer agent, andH 2,2-azobis(isobutyronitrile) (AIBN)¢ Diethyl ether-
insoluble partd The theoretical molecular weightg meor) = (MW of MDS) x [MDS]¢/[CTA]o x yield + (MW of CTA). ¢ Number-average molecular
weight (M) and molecular weight distributionV{,/M,) were measured by size-exclusion chromatography (SEC) using polystyrene standiirhis in

dimethylformamide (DMF, 10 mM LiBr).
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Figure 1. Size-exclusion chromatography (SEC) traces of poly(MDS)s
prepared by the polymerizations at [MRSTTA 1]o/[AIBN] o = 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).

homopolymer with lower yield (59%), while there was no
significant difference in the polydispersity and molecular
weights M, = 5600 andM,/M, = 1.53). In contrast, the
polymer with slightly higher molecular weight and broader
polydispersity ¥, = 9000 andM,/M, = 1.66, entry 1) was

[AIBN] o 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]o:[CTA 1], ratios between 20 and 100, keeping the CTA-
to-initiator ratio at a constant value of [CTAGIJAIBN] o =

5/1. Under the conditions, the values of the molecular weight
distributions remain lowNw/M, = 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]o/[CTA 1]o/[AIBN] o ratios of 100/2/1 and 100/1/1 had
Mw,cpc-raLLs = 11 000 andMyw/M, = 1.34 Mngpc-RALLS =
8200, as determined by GPC-RALLS), compared
Mn,grcrHr= 5400 Mw/M;,, = 1.40), My cpcomry= 5900 M/
M, = 1.43), andMWprc_RALLS = 14 000 andMW/Mn = 1.48
(Mn,GPC—RALLS = 9500), Compared tMn,GPC(THF)= 6400 MW/
M, = 1-48),Mn,GPC(DMF): 6800 MW/Mn = 1.52), respectively.

The structures of the resulting polymers were confirmed by

to

obtained by a conventional radical polymerization in the absence FT-IR, 'H NMR, and'3C NMR measurements. In tRé&C NMR

of CTA. In this case, the polymer yield (50%) was apparently spectrum of the resulting polymer, in addition to the resonances
lower than the conversion (97%) determined By NMR attributed to aromatic carbons at 22845 ppm, two charac-
spectroscopy, which may be due to unfavorable side reactions,teristic resonances are clearly observed at 49.3 and 33.5 ppm
such as dimerization, resulting in the decrease in the polymer (see Supporting Information, Figure S1), which are attributable
yield. This behavior may also leads to the fact that the con- to two different aliphatic carbons in the polymer backbone. The

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, 68C, produced the polymer with a narrow
molecular weight distributionMy/M, = 1.17, M,, = 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]W/[AIBN] o ratios at a constant monomer-to-initiator, [¥]
[AIBN] o = 100, in toluene at 80C 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 [CTAJ[AIBN] o = 5/1. When the polymeri-
zation was conducted at [M[CTA]o/[AIBN] o = 100/5/1, the
polymer having a narrow polydispersityl/M, = 1.14,M, =

comparison of thé3C 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-8B% ppm (phenyl
and anthryl) were clearly observed in th& NMR spectrum of

the poly(MDS) (see Supporting Information, Figure S2). The
resonances around 2:2.4 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 3.54.5 ppm corresponding to the methine and

2700, Figure 1a) was obtained with a moderate conversion methylene protons in the main chain to the signal at 8.3 ppm

(62%). In this case, the polymer yield was 60%, which is
apparently lower than those observed at [CTA[AIBN] o =
1 and 2 (yield= 72—80%), suggesting that a higher [CTA]

corresponding to two protons of the end grougMgnuwr =
2500, which is comparable to the theoretical valMg feory=

2500) and the observed valuEl{cpc = 3000). CDV
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