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ABSTRACT: The polymerization of thre-vinylindole derivativesN-vinylindole (NVIn), 2-methyIN-vinylindole
(2MNVIn), and 3-methyIN-vinylindole (3MNVIn), were carried out by reversible additiefragmentation chain
transfer (RAFT)/macromolecular design via interchange of xanthate (MADIX) process. Five chain transfer agents
(CTASs), S-benzylO-ethyldithiocarbonate (CTA 10-ethyl-S-(1-phenylethyl)dithiocarbonate (CTA 2p-ethyl-
S[(2-cyano)prop-2-yl]dithiocarbonate (CTA 3), benzyl 1-pyrrolecarbodithioate (CTA 4), and benzyl dithiobenzoate
(CTA 5), were compared for these polymerizations with-22bbis(isobutyronitrile) as an initiator. The xanthate-

type RAFT agent (CTA 2) is the most efficient for obtaining poly(2MNVIn) with controlled molecular weights
(M, = 1700-19 400) and narrow molecular weight distributiomd,(M, = 1.20-1.40). The effects of several
parameters, such as solvent, temperature, monomer concentration, and CTA-to-initiator molar ratio, were examined
in order to determine the conditions leading to optimal control of the polymerization. The resulting polymers
gave clear spectroscopic evidence of the formation of charge-transfer complexes with efficient sensitizers, such
as 7,7,8,8-tetracyanoquinodimethane (TCNQ), tetracyanoethylene (TCNE), and 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ), for photoconductivity. The poly(2MNVIn)s obtained by RAFT polymerization showed
molecular weight dependence on the glass transition temperaiyre (50-190 °C) and thermal stability

(T = 300-430°C).

Introduction of indole or chemical oxidation using FeQir CuCh.18-20 A
variety of polymers having indole groups in the side chains have
been reported, including poM¢vinylindole)s2-24 polyacry-
lates?>26 polymethacrylate$$=2° and polyacetyleri deriva-
tives. Among them, increasing attention has been paid togoly(
vinylindole) derivatives as novel photorefractive polymers
because of good photoconductivity due to the low ionization

containing this ring have been developed, and some substitute rgtnesr;;[;gln OIetr?le eprZ?l?rzrier'IIE )'QSO'F?re“C?'Stearégnrﬁ ljt'\i/r?lydl]oe\/yn%;ss

have been referred as a privileged structure because of theirstructure ol Fr)ner archiﬁtécture conformation. location. and

ability to bind many receptors with high affinity. The indole ure, polyn AR . s ’ .

ring system is also an attractive scaffold for combinatorial stackmg of the indole units is essemlal because it affects their

svnthesis:8 properties and morphologyN-Vinylindole (NVIn) can be

Y o . . . L polymerized in the presence of organic electron acceptors, such
In addition to their wide variety of biological applications, 5<% 3_gichioro-5 6-dicyanp-benzoquinone anp-chloranil2?

the photochemistry of indole derivatives has been studied ' ’ i

ivelv? The indole ri ) q h hemical and free radical polymerization using an azo-type initiator was
extensively: The indole ring system is used as a photochemica also used for the production of poly(NVIn) derivati&s?!

precursor, and a variety of photoinduced reactions have been- iionic initiators. such as BFOEb, HI, and Hl/b, readily
reported, V%'h'Ch |nl\_/olv_eﬁe?zotorelarrangement,hphoto?:ycloaddl- polymerize NVIn derivatived? The copolymerization of NVIn
tion, and photocyclizatioh.** Indole derivatives have also been ity electron acceptors can give copolymers with peculiar

used as ligands to form a number of transition metal gctyres and properties, in which the formation of a charge-

3-15 i i i ' i . . N
complexes: > The incorporation of an indole unit into a yansfer complex plays an important role in manipulating the
luminescent transition metal complex, such as rhenium(l) and copolymerization behavicP:2

ruthenium{T) polypyridine indole conjugates, has been devel- We now report the synthesis of poly(NVIn) derivatives with

oped to create probes for indole-binding biomateri&fs. . : : .
Duri i iderable attention has b idt predetermined molecular weights and narrow polydispersity by
| uring recetn - years, golnader_a t'e atten It(;\n as. eendpa!d O%anthate-mediated controlled radical polymerization. In order
pﬁ ymers'; CIOF‘ glnllng |r(1j 0 el elrl'(v? |\(/jes| In the Taltn an i SI9€ {5 understand the polymerization mechanism of this class of
chains. Polyindole and poBkalkylindole) are electroaclive  5nomers, we selected three differbivinylindole derivatives,
polymers and are regarded as heteroatom-containing conductin

. - . o q\l-vinylindole (NVIn), 2-methyIN-vinylindole (2MNVIn), and
polymers, which can be obtained by electrochemical oxidation 3-methyIN-vinylindole (3MNVIn), as shown in Scheme 1.

Controlled/living radical polymerization has allowed synthesiz-
*To whom correspondence should be addressed: e-mail h.mori@yz. ing various functional polymers with predetermined molecular

Indoles are aromatic heterocyclic compounds, which are a
common component or precursor of alkaloids and other neutral
productsi™ The indole ring system represents one of the most
important structural components in many pharmaceutical agents
which is mainly due to the great structural diversity of
biologically active indole$-7 Indeed, numerous compounds

ggg@%@ta{:‘;ﬁfﬁ_ggg_fzeé‘ggg@zme‘he”ke'-f“k-ki”dai-ac-jp' phe1e238-  \yeights, narrow molecular weight distribution, and controlled
t Yamagata University. ’ architectures, such as graft and block copolymers, by a facile
*Kinki University. approact?3-3% However, the controlled radical polymerization
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Scheme 1. Structures oN-Vinylindole Derivatives Scheme 3
N N N = 8 s
N N N A~ P PS
oo O OR e ety ol
NVin 2MNVIn 3MNVIn CTA1 CTA2 CTA 3

Scheme 2. Basic Reaction Steps of Reversible

S S
Addition —Fragmentation Chain Transfer (RAFT) Process V. NJLS s
Pre-equilibrium (Reversible chain transfer) QI /\© /\©

one + SYS\R K add Pn/s\.rS\R ke F,n,s\[és . R CTA4 CTAS
@ z K -add z k- z Q\f) . . . .
suitable CTA and conditions to provide the controlled radical

ko 1

Main equilibrium (Chain equilibration)

N
w

polymerization of NVIn derivatives.

s s SeS s s Experimental Section
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Q") z z z @ Materials. Indole (Kanto Chemical, 98%), 2-methylindole

b (Merck, 98%), and 3-methylindole (Tokyo Kasei Kogyo, 98%) were
used as received. 2;Azobis(isobutyronitrile) (AIBN, Kanto

Chemical, 97%) was purified by recrystallization from ethanol. 1,2-
of N-vinyl and O-vinyl monomers had been difficult because Dichloromethane (Kanto Chemical, 99%)N-dimethylformamide

the generated radical species are highly reactive due to their(dehydrated DMF, Kanto Chemical, 99.5%), 1,4-dioxane (dehy-
nonconjugated nature and strong electron-donating pendantdrated, Kanto Chemical, 99.5%), KOH (Kanto Chemical, 99%),
groups. Among various controlled radical polymerizations, in tetrabutylammonium bromide (Kanto Chemical, 98%), 7'7'%'8‘
this study, we selected reversible additidragmentation chain tetracyanoquinodimethane (TCNQ, Tokyo Kasei Kogyo, 99%),

A . - tetracyanoethylene (TCNE, Tokyo Kasei Kogyo, 98%), 2,3-
transfer (RAFT) polymerizatioff 4 because of its versatility dichlo)r/o-5,6-di)éyano-§, 4-benzoquir)1/one (DDOQ, Togk{/o Kasei)Kogyo,

with respect to monomer type and reaction conditions. The g7¢4) and hydroquinone (Kanto Chemical, 98%) were used as
RAFT process is generally accomplished by performing a radical received. Toluene (Kanto Chemical, 99%) was distilled over sodium
polymerization in the presence of a thiocarbonylthio compound, wire. Other materials were used without further purification.

such as dithioesters, dithiocarbamates, trithiocarbonates, and Synthesis of Chain Transfer Agents (CTAs).Five different
xanthates, which all act as reversible chain transfer agentsCTAs were prepared in this study, as shown in Scher$B&nzyl-
(CTAs). When xanthates are employed, the terminology MA- O-ethyldithiocarbonate (CTA 1) was synthesized by the reaction
DIX (macromolecular design via the interchange of xanthates) of potassium ethyl xanthogenate and benzyl bromide according to

; ; dure reported in the literatdteé’ The synthesis oD-ethyl-
is frequently used to describe the proc®¥.Recently, we ~ &Proce ed -
: . i} . S-(1-phenylethyl)dithiocarbonate (CTA 2) was conducted similar
F; dbigjleg| trr]nGeI:;Sz’attigenpglfr\It-\?ifrlt?:a;(t?;ztngt‘? r?fg;ﬁtseg tconct;clxlled to the preparation of CTA 1, replacing benzyl bromide with (1-
poly y ~whichis a typi phenylethyl)benzent:#84° The CTA 1 and CTA 2 were finally

N-vinyl monomer. Dithiocarbonates (xanthates) are also useful yyrified by column chromatography on silica witkhexane as the
for controlling the radical polymerization &-vinyl andN-viny! eluent to afford the corresponding products as yellowtoithe
monomers, such as vinyl acet&e* and N-vinylpyrroli- synthesis of0-ethyl-S-[(2-cyano)prop-2-yl]dithiocarbonate (CTA
done?445Both MADIX and RAFT processes are based upon 3) was carried out by the reaction of AIBN ar@ O-diethyl

the generally accepted reversible additidragmentation chain  bisxanthate derived from potassium ethyl xanthogettéteBenzy!l
transfer mechanism between an active and a dormant speciesl-pyrrolecarbodithioate (CTA #> and benzyl dithiobenzoate
To achieve control of the radical polymerization via the RAFT/ (CTA 5)°**°were prepared according to the procedures reported
MADIX process, a delicate balance of the forward and reverse Préviously. The CTA 3 and CTA 4 were finally purified by column

i . chromatography on silica withthexane/ethyl acetate (10/1) as the
rates of additionkaasandk—aqd and fragmentatiori; andk-p), eluent. The CTA 5 was purified by vacuum distillation using a

ko

together with the rates of reinitiatiol; and propagationkg), glass tube oven (Shibata GTO-250RS) to give a red oil. The

is required, as shown in Scheme 2. elemental analyses of the CTAs gave calculated puritiesas%
Although the stabilizing effect of NVIn@ = 0.53,e = for CTA 1, CTA 2, CTA 3, and CTA 4 and 98% for CTA 5.

—1.30) is slightly higher than that dfi-vinylcarbazole Q@ = Synthesis ofN-Vinylindole Derivatives. 2-Methyl-N-vinylindole

0.26,e = —1.29) with a similar electron-donating property, (2MNVIn) was obtained by the N-alkylation of 2-methylindole,

R - ede7 :
NVIn has been reported to have a lower activation eneEgy ( followed by the elimination reactiot:5” Under the nitrogen

_ 1 o atmosphere, 2-methylindole (5.0 g, 38 mmol) was added to an
= 17.5 kJ/mot?) than that ofN-vinylcarbazole (27.4 kJ/mol), intensely stirred mixture of 1,2-dichloroethane (100 g, 1.0 mol),

suggesting that the propagating NVIn radical possesses highekerahytylammonium bromide (0.25 g, 0.8 mmol), KOH (14 g,
reactivity?! Because the NVIn propagating radical is a reactive 250q mmol), and KCOs (11 g, 80 mmol) at room temperature. The
species having a higher electron density at the radical center,stirring was continued at 4660 °C for 72 h. After cooling, the
the fragmentation of the adduct radical (intermediate RAFT inorganic material was filtered off, and the organic solvent was
radical) is thought to be slow. In this study, we mainly employed removed by evaporation. A mixture of the condensate, which
the xanthate-type CTA because it increases the electron densitycorresponds to crude 3-chloroethyl 2-methylindole (5.0 g, 26 mmol),
at the radical center, which may lead to destabilization of the KOH (2.2 /g, 240 mmol), and hydroguinone (30 mg, 0.27 mmol),
intermediate radical and4 and an increase in the fragmenta- Was Placed in toluene (100 mL) and refluxed for 3 h. After the
tion rate. The electron-donatir@-alkyl substituents may lead toluen_e solution was evaporated under rt_aducec_;l pressure, the organic
S 4 . . material was extracted from the reaction mixture by means of
to stabilization of the polymeric thiocarbonylthio produgt

. . . . : methylene chloride (% 30 mL) with water (50 mL). The extract
through their conjugation with the=€S double bond, which 55 then dried over anhydrous MgSand filtered, and the solvent

lowers the rate of addition of the propagating radicals to the was evaporated to give a dark red liquid. The crude product was
sulfur atom and, consequently, the overall rate of chain distilled under vacuum (9C°C/0.5 mmHg), followed by the
transferd”:434446\ith this in mind, we attempted to find a  purification by silica gel chromatography eluted witkhexane/
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ethyl acetate= 5/1 (volume ratio) to give 2MNVIn as a pale yellow  were placed in an ampule. After three freeavacuatethaw
liquid (2.8 g, yield 68%, lit” 68%). N-Vinylindole (NVIn) and cycles, the polymerization mixture was stirred at&Dfor 12 h,
3-methyN-vinylindole (3MNVIn) were synthesized from indole  and the monomer conversion was 13%. The product was purified
and 3-methylindole, in a manner similar to 2MNVIn, respectively. by precipitation in methanol and then isolated by filtration. Finally,
The yield was 73% for NVIn and 60% for 3MNVIn. THé&l and the resulting poly(2MNVIn) was dried under vacuum at room
13C NMR spectra of the monomers are shown in Figures S1, S3, temperature (yiele= 16%). TheM, of the resulting poly(2MNVIn),

and S5 (see Supporting Information). as determined by size-exclusion chromatography (SEC), was 2300,

General Polymerization Procedure All polymerizations were and the polydispersity index was 1.25

carried out with AIBN as an initiator in a degassed sealed tube. A A representative example of the chain extension experiment is
representative example is as follows: 2MNVIn (0.31 g, 2.0 mmol), as follows: the xanthate-terminated poly(2MNVIn) (macro-CTA)
CTA 2 (4.5 mg, 0.020 mmol), AIBN (1.6 mg, 0.010 mmol), and (46 mg, 0.020 mmolM, = 2300, M,/M, = 1.25), 2MNVIn

dry 1,4-dioxane (1.0 mL) were placed in a dry glass ampule (0.31 g, 2.0 mmol), AIBN (1.6 mg, 0.010 mmol), and dry 1,4-
equipped with a magnetic stirring bar, and the solution was then dioxane (1.0 mL) were placed in a dry ampule, and the solution
degassed by three freezevacuate thaw cycles. After the ampule  \yas then degassed by three freeegacuatethaw cycles. The
was flame-sealed off under vacuum, it was stirred at"60for polymerization was conducted at G for 24 h. Conversion was
48 h. The characteristic pale yellow color remained during the 269, and the polymer yield determined from the methanol insoluble
polymerization. The reaction was stopped by rapid cooling with sample was 29%. The resulting poly(2MNVIn) had &h (as
|IqU|d nitrogen. For the determination of the monomer ConVerSion, determined by SEC) of 8900 and a po|ydispersity index of 1.35.
theH NMR spectrum of the polymerization mixture collected just Instrumentation. 'H (400 MHz) and®C NMR (100 MHZ)

a{ter the gc;h/m_er;zatlc;_n wa? tr;r]weasured |;Cpg|room temper-t spectra were recorded with a JEOL EX-400. The number-average
a ure,dag 1 e(:;nse‘?ra lon of the monorg ﬁ th resonafnfﬁ a I(molecular weight¥1,,) and molecular weight distributioiv,/Mp)
arounc ... anc .= ppm was comparea wi € sum or IN€ peakyqre estimated by size-exclusion chromatography (SEC) using a

intensity of the indole heterocyclic moiety (1H)_ in the poly_mer and system consisting of a Tosoh DP-8020 pump and a Viscotek TDA
the monomer at around 54.5 ppm. Conversion determined by model-301 triple detector array (R, viscosity, and RALLS;

this met.hoq was 50%. The polymer _obtained was purified by wavelength= 670 nm) at 40°C. The column set was as follows:
reprecipitation from a chloroform solution Into a large excess of four consecutive columns [Tosoh TSK-GELs (bead size, exclusion
methanol, and the resulting product was dried at room temperature;; o4 molecular weight): GMi (9 um, 4 x 1CF) G4060H(L

under vacuum: yield 0.16 g, 52%. The resulting product was soluble
in dichloromethane, toluene, tetrahydrofuran, chloroform, and DMF (255 niog XSSL ?:S)m %2&?]0 2nLd(5a%rSég iollf%nG[%-sso}?_ lea(r%ﬂcrgl’umn

while insoluble in acetone, hexane, MeOH, and walilrNMR Hx.-H, 4.0 cm] eluted with THF at a flow rate of 1.0 mL/min.

(CDCly): 0 0.1-1.5 (2H, CH in the polymer main chain), 1-5 The excess refractive index incremenb/fdt = 0.263 for poly-
2'5.(3H' C_H;lnthe indole fes'd“‘?)' 254.'5 (1H, CH. in the polymer (2MNVIn)] was measured in THF at 2£busing. a DRM plogl
main chain), 5.46.5 (1H, CH in the indole residue), and 6.5 differential refractometer operating at 633 nm.

8.0 ppm (4H, aromatic protons)*C NMR (CDCk): ¢ 1016, . .
35_22 4(7_53 10()_105p 107_212 117_(125 5)2&130 and The UV—vis spectra were recorded with a JASCO V-550-DS

132-139 ppm. ThéH NMR and3*C NMR spectra of the polymer spectrophotometer. Thermogravimetric_ analysis (TGA) was per-
are shown in Figure S4 (see Supporting Information). formed on a SEIKO TGA/6200 at a heating rate o’@dmin under

The theoretical number-average molecular weight on conversion N2: For differential scanning calorimetry (DSC) measurements, a
is defined as follows: SEIKO DSC/6200 apparatus was used (heating rate®Clthin;
cooling rate: 20°C/min). Samples were heated from 30 to 2@

[monomer}, at a rate of 10°C/min, kept for 5 min, and cooled at a rate of
M, (theor)= “v X Minonomer X CONV+ 20°C/min. The data collection was carried out in the second heating
[CTAlp+ 2f[I]o(1 — e ™) process, and the glass transition temperatligewas taken to be
Mcra (1) the midpoint-the temperature corresponding to half of the endot-

hermic shift. The calorimeter was calibrated with an indium
in which Mcta and Mmonomerare molecular weights of CTA and standard. Elemental analysis was carried out on a Perkin-Elmer
the monomer (NVIn, 2MNVIn, 3MNVIn), and [monomerhnd 240011 CHNS/O analyzer.
[CTA]o are the initial concentrations of monomer and CTA,
respectively. The right side of the denominator accounts for radicals Results and Discussion
derived from the initiator with an initial concentrationdkt time C i | Radical Pol i ati £ N-Vinvlindol
t with a decomposition ratéy. The initiator efficiency is represented onventional Radical Folymerization o nylindoie
by f. In an ideal RAFT process, the polymer directly derived from Derivatives. Several attempts to synthesize pbly(inylindole),
the initiators is minimal, and thus the second term in the denomina- POIY(NVIn), derivatives by radical polymerizations have ap-

tor becomes negligible and eq 1 can be simplified to eq 2. peared in the literature, although inconsistent tendencies were
reported by several groups. Priola et4ateported that radical
[monomer}, polymerization of NVIn produced low molecular weight prod-
M, (theor)= “[cTA, Mionomer CONVHMcra  (2) ucts with relatively low yield, unless high monomer and initiator

concentrations were used. This is due to a backbiting attack of
For the kinetic study, a mixed solution of 2MNVIn (1.86 g, the propagating species at the 2-position of the indole ring,
12 mmol), CTA 2 (27 mg, 0.12 mmol), AIBN (9.6 mg, 0.060 resulting in the formation of cyclic indole units. Brustolin et
mmol), and dry 1,4-dioxane (6.0 mL) was typically divided into al. demonstrated the preparation of poly(NVIn) having relatively
six glass ampules, and each solution was then degassed by thre@igh molecular weights at low initiator concentration, while the
freeze-evacuatethaw cycles. The ampules were sealed by a flame yolymer yield was low even for longer polymerization tifte.

under vacuum and then placed in a thermostatic oil bath 4060 ey also claimed that conventional radical polymerization of
for the desired time. The monomer conversion was determined by 2-methyIN-vinylindole, 2MNVIn, gave predominantly low

the 'H NMR spectrum of the polymerization mixture. .
Chain Extension Using Poly(2-methyN-vinylindole) as Macro- molecular weight products, even though the presence of a methyl

CTA. For the chain extension experiments, poly(2MNVIn) having 9roup at the 2-position of the indole ring should prevent chain
lower molecular weights was prepared according to the following termination by the cyclization reactions. In contrast, Priola et
procedure. 2MNVIn (0.31 g, 2.0 mmol), CTA 2 (4.5 mg, 0.020 al.?* demonstrated that the presence of a methyl group at the
mmol), AIBN (1.6 mg, 0.010 mmol), and dry 1,4-dioxane (1.0 mL) 2-position increased both the conversion and molecular weight
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Table 1. Conventional Radical Polymerization ofN-Vinylindole
(NVIn), 2-Methyl- N-vinylindole (2MNVIn), and
3-Methyl-N-vinylindole (3MNVIn) Using 2,2'-Azobis(isobutyronitrile)
(AIBN) in 1,4-Dioxane at 60°C?2

time  conV¥  yield®
run  monomer (h) (%) (%) Mpd Mu/Mpd
1 NVIn 24 33 34 10 400 2.23
2 NVIn 48 77 69 12 000 3.54
3 2MNVIn 24 69 60 30 200 2.05
4 2MNVIn 48 93 81 33000 3.87
5 3MNVIn 24 1<
6 3MNVIn 48 15

a[M]o/[AIBN] o = 200/1, [AIBN]o = 7.8 x 10-3 mol/L, [monomer} =
1.6 mol/L.P Calculated by!H NMR in CDCl. ¢ MeOH-insoluble part.
d Number-average molecular weighi{) and molecular weight distribution
(Mw/M;)) were measured by size-exclusion chromatography (SEC) using
polystyrene standards in THF.

under conventional radical polymerization. From th@& NMR

Macromolecules, Vol. 40, No. 17, 2007

Table 2. Polymerization of 2-MethylN-vinylindole (2MNVIn) Using
Different Chain Transfer Agents (CTAs) in 1,4-Dioxane at 60°C?

Mn
run CTA> time(h) con¢(%) theoryy SEC  My/Mpe
1 CTA1l 24 40 7200 6200 1.31
2 CTA2 24 26 4300 3400 1.25
3 CTA3 24 28 3600 3400 1.36
4 CTA4 24 44 7300 7400 1.76
5 CTAS 24 21 3500 3200 1.40
6 CTA1l 48 72 11500 8500 1.56
7 CTA2 48 50 8100 6300 1.31
8 CTA3 48 56 9000 10800 1.39
9 CTA4 48 65 10500 9000 1.59
10 CTAS 48 55 8900 4900 1.56

a[2MNVIn] [CTA]o/[AIBN] o = 200/2/1, [AIBN}, = 7.8 x 1073 mol/
L, [CTA 2]o = 1.6 x 1072 mol/L, [2MNVIn]o = 1.6 mol/L, where AIBN
= 2,2-azobis(isobutyronitrile), 2MNVIr= 2-methylN-vinylindole. ® CTA
1 = SbenzylO-ethyldithiocarbonate, CTA 2= O-ethyl-S-(1-phenyleth-
yl)dithiocarbonate, CTA 3= O-ethyl-S-[(2-cyano)prop-2-yl]dithiocarbonate,

analysis of the resulting polymers, they suggested the formation CTA 4 = benzyl 1-pyrrolecarbodithioate, CTAS benzy! dithiobenzoate

of unfavorable cyclic structures during the polymerizations of
NVIn and 3-methyIN-vinylindole (3MNVIn), whereas a regular
vinyl polymerization of 2MNVIn took place without any
evidence of the cyclization. In order to clarify these points, we
first compared the conventional radical polymerization of three
differentN-vinylindole derivatives, NVIn, 2MNVIn, and 3MN-
VIn (Scheme 1), in the presence of AIBN as an initiator. These
N-vinylindole derivatives were synthesized by the combination
of N-alkylation and elimination reactions according to the
previously reported procedu?@>’

The polymerization of NVIn was conducted with AIBN at
60 °C at [M]o/[AIBN] o = 200 in order to find conditions for
obtaining polymeric product having relatively high molecular
weight with sufficient yield. As shown in Table 1, the
polymerization produced poly(NVIn) having a moderate mo-
lecular weight ¥, = 10 400,M,,/M,, = 2.23), while only 33%

(Scheme 3)¢ Calculated by*H NMR in CDClz. 9 The theoretical molecular
weight Mn theory = (MW of 2MNVIn) x [2MNVIn] o/[CTA]o x conv +
(MW of CTA). ® Number-average molecular weightl{) and molecular
weight distribution ¢,,/M,)) were measured by size-exclusion chromatog-
raphy (SEC) using polystyrene standards in THF.

selection of the CTA and reaction conditions, depending upon
the monomer. In this study, three xanthate-type mediating agents
having different leaving group§;benzylO-ethyldithiocarbonate
(CTA 1), O-ethyl-S-(1-phenylethyl)dithiocarbonate (CTA 2), and
O-ethyl-S[(2-cyano)prop-2-yl]dithiocarbonate (CTA 3), were
selected as the CTA (Scheme 3). The effect of the R substitute
on the effectiveness of xanthate derivativess(ROEt)S-R)

was initially investigated on the polymerization of 2MNVIn.
We also employed dithiocarbamate-type (CTA 4) and dithioester-
type (CTA 5) mediating agents for comparison. CTA 1, CTA
4, and CTA 5 have the same R group, which yields a benzyl
radical species upon fragmentation.

conversion was achieved even after 24 h. Longer polymerization  The polymerization of 2MNVIn was conducted with different

time (48 h) led to higher conversion with slight increases in
the molecular weight and polydispersity. When 2MNVIn was
polymerized at 60C for 24 h, a polymer having relatively high
molecular weights NI, = 30 200) was obtained with high
conversion (69%, as determined By NMR spectroscopy).
Almost full conversion (93%) was obtained for the polymeri-
zation for 48 h. Higher molecular weight of poly(2MNVIn) than
that of poly(NVIn) could account for an inherent tendency of
the propagating poly(NVIn) radical to undergo chain transfer
reactions. They probably involve a backbiting attack of the
propagating radical at the 2-position of the indole ring, while

CTAs and AIBN as an initiator at [MJ[CTA]o = 100 using
the ratio of AIBN to CTA of 1:2 ((MY/[CTA]o/[AIBN] o = 200/
2/1). These conditions correspond to [AIBNE 7.8 x

103 mol/L, [CTA 2]o = 1.6 x 102 mol/L, and [2MNVIn}, =

1.6 mol/L. The results are summarized in Table 2. When the
polymerization was carried out using CTA 2, the characteristic
pale yellow solution remained during the polymerization, and
the polymer was obtained as a pale yellow powder after
precipitation in methanol. The resulting poly(2MNVIn) showed
a symmetrical unimodal SEC peak (see Supporting Information,
Figure S6) with a relatively narrow molecular weight distribution

the presence of a methyl group at the 2-position prevents the(|\/|W/Mn = 1.25,M, = 3400). The number-average molecular

chain transfer reactiorfd.In agreement with previous results
from Brustolin et al22 radical polymerization of 3MNVIn with
AIBN gave only poor yield. This may be due to the high
electron density of the vinyl group in 3MNVIn (see Supporting

weight is comparable to the theoretical vall, heory= 4300)
calculated from the monomer/CTA molar ratio and the monomer
conversion using eq 2, while achieving only 26% conversion
even after 24 h. The poly(2MNVIn) obtained with CTA 1

Information, Table S1), suggesting that 3MNVIn is much more  showed broader polydispersity compared to that with CTA 2.
susceptible to cationic polymerization than radical polymeri- Thjs is most probably due to the fact that the 1-phenylethyl

2MNVIn for our further investigations toward the precise
synthesis of poly{-vinylindole) derivatives having low poly-
dispersity and controlled molecular weights. In this context, we
initially present RAFT polymerization of a monosubstituted
N-vinylindole, 2MNVIn. We then show preliminary results of
radical polymerization of NVIn using different CTAs for
comparison.

RAFT Polymerization of 2-Methyl-N-vinylindole (2MN-
VIn) Using Different CTAs. It has been demonstrated that

formed than the primary benzyl radical expelled from CTA 1,
resulting in the faster consumption of CTA and uniform
initiation. The polymerization with CTA 3 afforded the poly-
(2MNVIn) with relatively low conversion and broad polydis-
persity (conversior= 28%, Myw/M,, = 1.36). It was reported
that steric factors, radical stability, and polar factors all appeared
to play an important role in determining the leaving group ability
of R* (transfer coefficient) and the effectiveness of RAFT
agents’’58 Among three xanthate-type CTAs, the tertiary

successful implementation of the RAFT process requires carefulcyanoalkyl xanthate (CTA 3) should have the highest transfer
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coefficient. In order to obtain a nearly monodispersed product, Table 3. Effects of Solvent and Monomer Concentration on RAFT
the leaving ability of the R group in CTA 3 must be balanced Pg'émfggag‘ago‘gu@%iﬁ?m’)\"(‘Klr‘g"\'lr)“?r?'?hézg"ggéﬂlgg?

with the ability of the eI.e(.:t.ron-deflmen.t Iefa\vmg radical (R O—Eihyl— S(1-phenylethyldithiocarbonate (CTA 2) for 24 I
2-cyanopropyl-2-yl) to reinitiate polymerization of 2MNVIn that

has an electron-donating substitute. Although the leaving ability Mo

of the secondary R group in CTA 2 is lower than that with M conv

CTA 3, CTA 2 may show good balance between the leaving U0 solvent  (g/mL) (%) theory SEC' Muw/My’
ability and reinitiation ability from the electron-donating phe- 1 1,4-dioxane  0.62 66 10600 7800 213
nylethyl moiety that are stabilized by aromatic conjugation. As ivi:g:xgzg 8?&13 28 ‘3‘388 %‘88 igg
expected, the polymerizations with the dithiocarbamate-type and 4 1'4 gioxane ~ 0.08 8 1500 1000 127
dithioester-type mediating agents (CTA 4 and CTA 5) provided s DMF 0.62 70 11 200 8500 1.78
the polymers with broader polydispersities. These results support 6 DMF 0.31 23 3800 2500 1.33
our strategy that unfavorable chain transfer and termination 7 ~ PMF 0.08 0

rea_ctions due to the high reactivity of the propagating 2MNVIn tg:ﬂgﬂg g:gi ig 1;1?1,88 15188((3) fi’f
radicals could be suppressed by the MADIX/RAFT process 10  toluene 0.08 9 1600 1700 1.24

through an increased stability of the CTA by conjugation and ., ;1\ J1cTA 2] JAIBN] o = 200/2/1, AIBN= 2,2-azobis(isobu-

a destabilized intermediate radical center using xanthates.iyonitile), 2MNVIn = 2-methylN-vinylindole, CTA 2= O-ethyl-S-(1-
Because of the electron-donating indole pendant group, thephenylethyl)dithiocarbonaté.Calculated by*H NMR in CDCl. ¢ The
2MNVIn propagating radical is relatively unstable and is a poor theoretical molecular weighMy teor) = (MW of 2MNVIN) x [2MNVIn] o/
homolytic leaving group. By using-ethyl xanthate as the CTA, [CEA]OIX C‘}”"* ('Mr\lN d‘?f C_EA)_- ‘ N‘/‘,\Tber'a"erage mo'deg“'a.r We'g"ffo.

one can increase the electron density at the radical center ancgﬂmmzt%zf:gr‘gegéc;sg'sir?;'omgst;m?igfg%: g ceusien
avoid the possibility of a resonance stabilization of the radical, o i

resulting in the destabilization of the intermediate radical. This Polarity, interaction between the polymer (or monomer) and the
phenomenon helps to attain a counterbalance of the instabilitysowent: salvation of a transition state (or |nterr_ned|ate) that may
of the growing 2MNVIn radical to give fragmentation via the have polar characteristics, and complexation between the
release of the leaving group. The conjugation of lone electron propagatlng radical (or monomer) and the solvent. In partlcular,
pairs on the oxygen atom with the double bond is responsible radical-solvent complexes are expected to be favored in systems
for the increased stability of the xanthate-type CTA. Same Containing an unstable radical intermediate (propagating poly-

strategies were reported to be applicable for the controlled (2MNVIn) radical in this system), in which complexation may
radical polymerization of theO-vinyl monomer, O-vinyl lead to stabilization. The solvent may also affect the diffusion-

acetatg2—44 controlled termination, and thus the termination rate coefficient
may be strongly altered.

We investigated the influence of the polymerization solvent
and monomer concentration in terms of the monomer conver-
sion, molecular weights, and the polydispersity of the resulting

In attempt to increase both monomer conversion and molec-
ular weight, the polymerizations of 2MNVIn with CTAs were
conducted for a prolonged time (48 h). In all cases, higher

conversions with increased molecular weights were achieved : :
o . poly(2MNVIn). Keeping the CTA 2/AIBN molar ratio of 2 and
for 48 h. In the case of the polymerization with CTA 2, poly- a monomer-to-CTA ratio of 100, the concentration of 2MNVIn

(2MNVIn) having a relatively narrow polydispersity and a was chan

; - > ged from 0.08 to 0.62 g/mL ([2MNVnF 1.6 mol/L
cont_rolled r_nolecular weightM, = 6300’M‘”/M” = 1.31) was = 0.31 g/mL). The results are summarized in Table 3. At low
obtained with a moderate conversion (50%) after 48 h. These . o iaiions (0.080.31 g/mL) in dry 1,4-dioxane, the

results indicate that the xanthate-type mediating agent (CTA polymerization proceeded homogeneous conditions, and the

2) IS efficient for Fhe preparation .qf poly(ZMNVIn) with viscosity was low enough to ensure efficient stirring by the
relatively low polydispersity. The a.b|I|t_y of the xanthate-type magnetic bar in the reaction mixture. Under the concentrations,
CTA 2 to control 2MNVIn polymerization may be correlated 0 oy merizations were relatively slow (conversieB0% after
with the electron density on the cgntral carbon atom of the 5, h), in comparison with these conventional radical polymer-
xanthate and preferable fragmentation of the secondary 1-phey,4ti0n (conversion= 69% under similar conditions, run 3 in
nylethyl radical from the intermediate. Note that CTA 2 was e 1), whereas the resulting poly(2MNVIn)s showed sym-
suc.cessfully em.ployed as a RAFT aggnt for well-controlled \qtrical SEC peaks with low polydispersitied /M, = 1.25-
radical polymelrlzatlon of a typicaN-vinyl monomer, N- 1.27). Higher monomer concentration (0.62 g/mL) resulted in
vinylcarbazole®! In the next stage, therefore, we focused on ¢,qte; polymerization, and 66% conversion was reached under
the xanthaFe-medlated controllgd radlca! .polymenzatlon of the same conditions. However, the resulting polymer had a
2MNVIn using CTA 2 under various conditions. broader polydispersityM./M, = 2.13) with a shoulder SEC
Optimization of Conditions for RAFT Polymerization of peak at a high molecular weight region, indicating that higher
2MNVIn. In a previous publication, we demonstrated that monomer concentration leads to less control of the polymeri-
toluene, 1,4-dioxane, and DMF were effective solvents for the zation. A similar tendency was also observed in the polymer-
controlled radical polymerization of a representatNevinyl ization in toluene. At 0.31 g/mL monomer concentration, a
monomer,N-vinylcarbazole!! Here, RAFT polymerization of polymer having relatively narrow polydispersityl{/M, = 1.41)
2MNVIn using CTA 2 was examined in various solvents under and controlled molecular weight$lf cec = 5900, Mn theory =
different monomer concentrations with the aim of increasing 7300) was obtained in a moderate conversion (45%), while a
the polymerization rate. Generally, the way to reach higher higher concentration (0.62 g/mL) led to an increase in the
conversion within reasonable polymerization time is to increase monomer conversion and broadness of the polydispersity. Note
the monomer concentration, whereas this often leads to anthat commercial dehydrated dioxane was stored in the dark and
increase in the viscosity, resulting in the loss of the controlled employed carefully in this study because of the possible effect
character, especially at high conversion. Solvent effects on of peroxide impurities in the solveft. We also compared
radical polymerization originate from various factors, such as selected polymerizations in commercial dry dioxane and a
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Table 4. Effects of Temperature and Chain Transfer Agent/Initiator
Molar Ratio on RAFT Polymerization of 2-Methyl- N-vinylindole
(2MNVIn) Using 2,2'-Azobis(isobutyronitrile) (AIBN) and
O-Ethyl- S-(1-phenylethyl)dithiocarbonate (CTA 2) in 1,4-Dioxane

for 24 ha
Mn
temp [CTA2]l¢/  conV

run - (°C)  [AIBN]o (%)  theory SECQ  My/M?
1 45 2 5 1000

2 60 2 26 4300 3400 1.25
3 80 2 65 10500 8600 1.98
4 45 5 <1

5 60 5 13 2300 2000 1.20
6 80 5 20 3400 1600 1.40

a[2MNVIn] o/[CTA 2]o = 100/1, [AIBN]p = 7.8 x 103 and 3.1x 1073
mol/L, [CTA 2]o = 1.6 x 1072 mol/L, [2MNVIn]o = 1.6 mol/L. AIBN =
2,2-azobis(isobutyronitrile), 2MNVIn= 2-methylN-vinylindole, CTA 2
= O-ethyl-S(1-phenylethyl)dithiocarbonaté Calculated by'H NMR in
CDCla. ¢ The theoretical molecular weigh¥lg ieor) = (MW of 2MNVIn)
x [2MNVIN]o/[CTA]o x conv + (MW of CTA). ¢ Number-average
molecular weight ) and molecular weight distributionVi,/M,) were
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Table 5. Effect of [M]/[CTA 2] Ratio on RAFT Polymerization of
2-Methyl-N-vinylindole (2MNVIn) with 2,2 '-Azobis(isobutyronitrile)
(AIBN) and O-Ethyl-S-(1-phenylethyl)dithiocarbonate (CTA 2) in
1,4-Dioxane at 60°C for 48 h#

M Muw/Mp
M]of GPC- GPC-
run [CTA2]o conV (%) theory GPC' RALLS® GPC' RALLS®
1 100 50 8100 6300 8000 1.31 1.33
2 150 47 11300 7500 11000 1.24 1.23
3 200 42 13400 8900 13100 1.22 1.21
4 250 49 19500 10400 19400 1.25 1.23

a[CTA 2]¢/[AIBN] o = 1/2, [M]o = 1.6 mol/L, 2MNVIn = 2-methyl-
N-vinylindole, CTA 2= O-ethyl-S-(1-phenylethyl)dithiocarbonaté.Cal-
culated by*H NMR in CDCl. ¢ Theoretical molecular weighMp theory =
(MW of M) x [M]o/[CTA]o x conv+ (MW of CTA). 9 Determined by
size-exclusion chromatography (SEC) using polystyrene standards in THF.
¢ Determined by GPC-RALLS measurement.

polymer had a bimodal molecular weight distribution (see
Supporting Information, Figure S6). The increase in the po-

measured by size-exclusion chromatography (SEC) using polystyrene lymerization rate at higher temperature may be due to the higher

standards in THF.

purified one, suggesting the negligible effect of peroxide
impurities in this system (see Supporting Information,
Table S2). When the polymerization was conducted in DMF,

primary radical concentration at the initial stage and the increase
in the propagation rate coefficient. In contrast, the increased
bimolecular termination may be caused by a significant increase
in radical flux at high temperature. This behavior can be also

explained by the assumption that increasing the temperature

which is a strong proton-accepting solvent and is known to act leads to an increase in the radical reactivity, resulting in the
as a complex-breaking (hydrogen bond-breaking) solvent, the decreased selectivity of the various radical reactions to promote
monomer conversion was relatively low (23%) at 0.31 g/mL unfavorable side reactions, particularly in the heterocyclic
for 24 h, while the conversion reached 70% at 0.62 g/mL with moiety. Another possible explanation is that higher polymeri-
broad polydispersity. The pronounced concentration dependencezation temperature causes a remarkable increase in the frag-
is seen in all solvents, even if the dielectric constants of dioxane mentation rate coefficient, leading to an increased number of
(2.2) and toluene (2.2) are significantly different from that of active propagation radicals. This phenomenon is apparently
DMF (36.7). Taking into account the solvent-independent different from the xanthate-mediated radical polymerization of
formation of poly(2MNVIn)s having broader polydispersities N-vinylcarbazole, in which good control of the polymerization
with higher conversion at higher monomer concentration can be attained at higher temperature (®). This is an
(0.62 g/mL), the effect of the solvent on the diffusion-controlled indication that the absence of the additional phenyl group in
termination may be negligible in this system. These results NVIn derivatives, compared witN-vinylcarbazole, affects the
suggest the limited effects of the polarity, hydrogen bond, and controllability of the polymerization. In the next stage, we

radical-solvent complexation on the RAFT polymerization of
2MNVIn in the solvents used in this study.

The influence of the polymerization temperature was exam-

ined at different CTA-to-initiator ratios, [CTAJJAIBN] o = 2

examined the polymerization of 2MNVIn at a higher [CTBA]
[AIBN] o ratio. Unfortunately, low monomer conversions were
obtained at [CTAJ[AIBN] o = 5, regardless of the polymeri-
zation temperature. These results indicate that a careful choice

and 5, keeping the monomer-to-CTA ratio at a constant value of the polymerization conditions, such as polymerization solvent,

of 2MNVINn] o/[CTA]o = 100/1. The results are summarized in
Table 4. Note that the [CTAJAIBN] ¢ ratio frequently plays a
crucial role in determining the overall success of a RAFT

polymerization. In general, decreasing the initiator concentration

(increasing the [CTAJ[l]o ratio) leads to control of the

monomer concentration, temperature, andJMJTA], ratio,
is required to achieve controlled radical polymerization of
2MNVIn using CTA 2.

Control of Molecular Weights. With a view to preparing
poly(2MNVIn)s over a wide range of molar mass, different

polymerization because termination reactions will be disfavored. degrees of polymerization were targeted. For this purpose, the
Because chain transfer reactions have no effect on the overallpolymerization of 2MNVIn was conducted at different [2MN-
polymerization rate, the rate of polymerization should be a VIn]¢/[CTA 2], ratios between 100 and 250, while the AIBN/

function of the initiator concentration as in conventional radical

CTA 2 molar ratio was held constant at 1/2. When the

polymerization and independent of the CTA. The RAFT process polymerizations were conducted in 1,4-dioxane at°@0for
does not induce inherent retardation phenomena because it doe48 h, the conversions were nearly-480% (determined byH

not rely on a persistent radical effect. Only in special cases are NMR spectroscopy), as shown in Table 5. The number-average
inhibition and rate retardation phenomena observed in RAFT molecular weights of the poly(2MNVIn)s increase with the

polymerization. A higher CTA-to-initiator ratio occasionally

[MJ/[CTA] ratio, and the molecular weight distributions remain

provides a longer polymerization time. The rate retardation is harrow M,/M, = 1.21-1.33), indicating the feasibility of

attributed to the main equilibrium after all the initial CTA have

controlling the molecular weights. In all cases, the SEC traces

been transformed into macro-CTA (so-called macro-RAFT are unimodal with no evidence of high molecular weight species
agent) and may therefore be ascribed to different stabilities of (see Supporting Information, Figure S7).

the intermediate radicals in the main equilibrium. The polym-
erization at [CTAY[AIBN] o = 2 at 80°C afforded the polymer

In all cases, the experimental molecular weights are lower
than the theoretical ones. These discrepancies may result from

with higher monomer conversion (65%) and increased molecular the difference in hydrodynamic volume between poly(2MNVIn)s

weight (run 3), compared to that at 8CQ, while the resulting

and the linear polystyrene standards used for GPC calibration.
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(c) Figure 2. (a) First-order kinetic plots and (b) number-average
Conv. = molecular weight and polydispersity as a function of conversion at
different monomer-to-chain transfer agent ratios, [2MNWIQTA 2]o
_ = 100 (squares) and 250 (circles). [CEAMIBN] o = 2/1, [2MNVIn]o
o = 1.6 mol/L, [CTA 2 = 1.6 x 102 and 6.2x 103 mol/L.
()]
° polymerizations at [2MNVInJ[CTA]o/[AIBN] o = 200/2/1. A
@ linear first-order kinetic plot is seen up to about 60% conversion.
As shown in Figure 1b, a linear increase in the number-average
. g . -
molecular weight with conversion reveals a constant number
of propagating chains throughout the polymerization and the
28 30 32 34 36 38 40 absence of a degenerative chain transfer reaction. The SEC
Retention time (min) traces (refractive index) of poly(2MNVIn)s obtained at different
Figure 1. (a) Time-conversion (circles) and first-order kinetic reactlon times are shown In F'Q“re ZI:C. A progressive increase
(squares) plots for the polymerization of 2-methkinylindole in the molar mass with conversion with narrow unimodal SEC

(2MNVIn) with 2,2-azobis(isobutyronitrile) (AIBN) in the presence  peaks Mw/M, = 1.19-1.31) is clearly seen, as normally
of O-ethyl-S(1-phenylethyl)dithiocarbonate (CTA 2) in 1,4-dioxane evidenced for a controlled/living polymerization. Note that a

at 60 °C at [2MNVIN]o/[CTA 2]o = 100 and [CTAY[AIBN], = 2 : : : :
(ABN]» = 7.8 x 102 mol/L. [CTA 2]o = 1.6 x 10°2 mollL, and shoulder peak at high molecular weight region appears at higher

[2MNVIn]o = 1.6 moliL). (b) Number-average molecular weight CONversion ¢70%, see Supporting Information, Figure S8),
(circles) and polydispersity (squares) as a function of conversion. (c) Which is most probably due to combination of the growing
Evolution of SEC traces with conversion. polymer chains during a longer reaction time. Although the
coupling reaction is considered to be a dominant factor in the
Another possible explanation is that the number of living formation of the poly(2MNVIn) with bimodal distribution and
polymer chains is larger than that of the CTA due to an initiator- broad polydispersity, another possibility involves unfavorable
derived chain. To clarify this point, GPC with a right-angle laser side reactions on the heterocyclic ring in the resulting polymer.
light scattering detector (GPC-RALLS) was utilized for the For example, a backbiting attack of propagating species at the
determination of the absolute molecular weights of representa-2- and 3-position of the indole ring was reported to take place
tive samples. As shown in Table 5, the molecular weights during radical and cationic polymerizations to afford cyclic
determined by GPC/RALLS are higher than the apparent onesindole structured? It must also be noted that the polymerization
obtained by conventional GPC. There were no significant of 2MNVIn using CTA 2 is apparently slower than that of a
differences betweeN, cpc raLLs aNdMn caica SUggQesting that  typical N-vinyl monomer, N-vinylcarbazole, suggesting the
the number of living polymer chains is comparable to that of remarkable effect of the monomer structure on both the
the CTA. These results suggest good control of the polymeri- polymerization rate and controllability.
zation of 2MNVIn, leading to the belief that the molecular The polymerization behavior was also compared at different
weight of the indole-containing polymers can be easily adjusted targeted polymerization degrees, T TA 2]o = 250 and 100,
by the monomer-to-CTA ratio under suitable conditions. under the same conditions ([CTAHRAIBN] o = 2). Both cases
Polymerization Kinetics. The controlled/living character of ~ show the linear pseudo-first-order kinetic plots (Figure 2a), and
the polymerization of 2MNVIn was studied by performing there is no significant difference in the polymerization rate. The
kinetics investigations in the presence of CTA 2 in dry 1,4- number-average molecular weights increase with the conversion,
dioxane at 60C. Figure 1a shows the variations in the monomer maintaining low polydispersity, as shown in Figure 2b. The
conversion and In([Mf[M]:) vs polymerization time for the = molecular weights of poly(2MNVIn) obtained at [MJCTA]o
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Figure 3. (a) First-order kinetic plots and (b) number-average

molecular weight and polydispersity as a function of conversion at

different chain transfer agent-to-initiator ratios, [CTA/BAIBN] o =

5 (squares) and 2 (circles). [2MNVUHJAIBN] o = 200, [2MNVIn]p =

1.6 mol/L, and [AIBN} = 7.8 x 1073 mol/L.

= 250 are reasonably higher than those at{MJTA]o = 100.
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radical, slow reinitiation by the expelled radical, increased
stability of the intermediate radical (with and without intermedi-
ate radical termination), tendency of the expelled radical to add
to the CTA rather than to the monomer, and impurities in the
CTA.54768 |n general, chain transfer reactions have no effect
on the overall polymerization rate. The rate of polymerization
should be a function of initiator concentration as in conventional
radical polymerization (half-order with respect to the initiator)
and independent of the CTA. However, rate retardation, caused
by a lower propagating radical concentration than observed in
an analogous reaction without CTA, is observed in several
RAFT polymerizations. The rate retardation is ascribed to
different stabilities of the intermediate radicaf§ (n the main
equilibrium (Scheme 2). In this system, the [CTAAIBN] o

ratio has a remarkable effect on the polymerization rate. There
are two main justifications for the rate retardation in RAFT
polymerizations: side reactions, involving the intermediate
radicals, and slow fragmentation of the intermediate radicals.
In our system, less stabilized intermediate radicals may lead to
intermediates that are slow to undergo fragmentation. The
unstable growing 2MNVIn radical may be related to the slow
fragmentation. For a further understanding of the phenomena
one can read a recent reviétv.

Chain Extension. An important criterion of the controlled/
living character of the polymerization is the successful extension
of a chain from a preformed polymer chain as a macro-CTA.
To examine this point, the dithiocarbonate-terminated poly-
(2MNVIn) prepared independently by the polymerization using
CTA 2 was employed as a macro-CTA for chain extension
experiments. We used a low-molecular-weight poly(2MNVIn)
(M, = 2300,M/M,, = 1.25), and the monomer concentration
(0.31 ¢g/1.0 mL= 1.6 mol/L) was adjusted to achieve a
homogeneous reaction system without a significant increase in

These results suggest that the molecular weights can be easil)}he solution viscosity during the polymerization. The initiator:

controlled by the [MY[CTA] ratio and the monomer conver-

macro-CTA molar ratio was maintained at 1:2. After the chain

sion, although the ratio has no significant influence on the €Xtension, the resulting product was analyzed by SEC and

polymerization rate and controlled character.

In both cases, induction periods are seen in the pseudo-first-

order kinetic plots at 60C, as shown Figure 2a. The induction

period roughly estimated simply by extrapolating the linear part

of each curve to the time axis is alioti h in both cases. In

order to clarify the inhibition and retardation phenomena, the

polymerization kinetics was investigated at different chain
transfer agent-to-initiator ratios, [CTA@JAIBN] o = 2 and 5,

keeping the monomer-to-initiator ratio at a constant value of

[2MNVIn] o/[AIBN] o = 100/1. Under these conditions, the

concentrations of the monomer and initiator are constant

([2MNVIn] o = 1.6 mol/L and [AIBN}h = 7.8 x 103 mol/L),

and the CTA concentration is substantially different ([CTA 2]
= 1.6 x 102 and 4.1x 1072 mol/L, respectively). As shown
in Figure 3a, the induction-period is about 11 h at [CTA/2]

compared to the original macro-CTA. The CTA-derived initiator
may produce the polymer with CTA fragments at the polymer
chain ends, whereas the AIBN-derived initiator may produce
the polymer with an initiator fragment at tlechain end and
the xanthate group at the-chain end. When the chain extension
was performed at 6€C at the ratio [2MNVIny/[macro-CTA}/
[AIBN] o = 400/2/1, the monomer conversion was 26% after
24 h, and the polymer was isolated by precipitation in methanol.
The extended polymer exhibited a symmetrical SEC peak with
a low polydispersity M/M,, = 1.35) (see Supporting Informa-
tion, Figure S9).

The chain extension was also conducted using poly(2MNVIn)
macro-CTA having a higher molecular weigM{= 6800,M,,/
M, = 1.35) at different [M}/[macro-CTA} ratios for longer
polymerization time (48 h). Figure 4 shows clear shifts in the

[AIBN] o = 5, while it apparently decreases to less than 2.5 h SEC traces toward higher molecular weight regions after the

at [CTA]/[AIBN]o = 2. This is an indication that both the
induction period and the polymerization rate, namely inhibition
and retardation, are apparently affected by the ratio.

chain extensions. Tiny tailing can be seen in SEC traces of the
products, suggesting that a small amount of residual low
molecular weight dead chains remains in the final product.

There is an ongoing debate on the mechanism that causedVevertheless, the polydispersity remained below 1.45, regardless

the inhibition and retardatiof$:58.69-64 The consumption of CTA

of the conditions. Further, the molecular weights of the resulting

and reversible fragmentation of intermediate to produce the Polymers could be simply adjusted by the composition of the

reinitiating R fragment are referred to as the “preequilibrium”,
which is correlated closely with the induction period

[2MNVIn] o/[macro-CTA} ratio in the feed (Table 6). These
results suggest that most of the chain ends of the poly(2MNVIn)

(Scheme 2). The dependence of the inhibition period on the aré functionalized with xanthate end groups, which can be used

CTA/initiator ratio might be related to that of the rate of

conversion of the initial RAFT agent. Other possible explana-

tions include slow fragmentation of the initiating leaving group

as a macro-CTA for a further chain extension reaction.

RAFT Polymerization of N-Vinylindole. A monosubstituted
N-vinylindole, 2MNVIn, has been polymerized successfully via
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[M]/Imacro-CTA], = into dark purple (or dark green) was observed after mixing the
250 150 Macro-CTA polymer solutions with DDQ.

Figure 5 depicts the CT absorbance spectra of poly(NVIn)
(M, = 5200,My/M,, = 1.45) and poly(2MNVIn) i, = 5900,
Mw/M, = 1.41) in CHCI; ([acceptor]= [indole unit] = 4.2 x
103 mol/L). The absorption maxima of the CT complexes and
the molar absorption coefficients are summarized in Table 8.
When TCNQ was employed as an acceptor, broad CT absorption
bands are observed between 490 and 780 nm with a maximum
at 680 nm, as shown in Figure 5a,d. The peak intensity is slightly

RI signal

24 26 28 30 32 34 36 : : Iens
Retention time (min) higher than that of TCNQ, whereas there is no significant change

Figure 4. SEC traces of the parent poly(2MNVIn) macro-CTA (dotted N the maximum peak position (680 nm for the complex and
trace,M, = 6,800,My/M, = 1.35, conversion= 48%) obtained atthe 684 nm for TCNQ). Both TCNQ and TCNQ/polymer complexes
ratio [2MNVIn]o/[CTA 2]o/[AIBN] o = 400/2/1 at 60°C for 48 h and show a strong absorption attributed to pure TCNQLat
the chain extended polymer (solid traces, [2MN\ifrhacro-CTA 2}, 490 nm. At higher concentration (1.8 1072 mol/L) (see

= 250/1 and 150/1) obtained after the polymerization with 2MNVIn

at the ratio [macro-CTAJ[AIBN] o = 2/1 for 48 h. Supporting Information, Figure S11), the asymmetric bands with

the two transitionsAmax = 564 and 680 nm) were seen in the
CT complex using TCNQ and poly(NVIn). Note that the peak
RAFT polymerization using CTA 2 to afford the polymers intensities of TCNQ/polymer complexes were apparently lower
having low polydispersity and predetermined molecular weights. than those of the complexes with other acceptors, suggesting
However, the control of the radical polymerization of NVinwas relatively weak complexations (see Supporting Information
limited, as can be seen in Table 7. For example, the polymer- Figure S12).

ization of NVIn using CTA 2 under the conditions used for In the cases of the complexations with TCNE, strong CT
controlled radical polymerization of 2MNVIn gave a polymer absorption bands were detected between 450 and 860 nm
having a relatively broader polydispersitfi{/M, = 1.52). The (Figure 5b,e). The longer wavelengths of the CT complexes
monomer conversion was less than 42% even after the polym-were significantly different from the TCNE-free species. We
erization at 60°C for 48 h. The same tendency was observed also observed a remarkable difference in the CT absorptions
in the polymerizations of NVIn using CTA 1 and CTA 3. In  between the methyl-substituted product, poly(2MNVIn), and the
both cases, the monomer conversions were 1685%) even unsubstituted one. The CT spectrum for poly(2MNVIn) with
after 48 h, and the resulting poly(NVIn)s had relatively broad TCNE shows a sharp absorption with a maximum at 543 nm
polydispersities Mw/M, = 1.4-2.0). For the conventional and a broad maximum at 720 nm, whereas the complex with
radical polymerization of NVIn without CTA, in contrast, a poly(NVIn) shows broad absorption with a maximum at
relatively high-molecular-weight homopolymer with a broader 573 nm. The low-energy component is known to be related to
polydispersity index\l, = 12 000,M/M;,, = 3.54) was obtained ~ the HOMO (highest occupied molecular orbitahUMO (low-

at a high conversion (conversion 77%) after 48 h. The est unoccupied molecular orbital) transition. In contrast, the
difference in the conversion and molecular weights of the higher energy band is attributed to a transition involving the
polymers obtained in the presence and absence of CTA supportsecond higher occupied molecular orbital of the donor mol-
the possibility of achieving the controlled character of the ecules??

polymerization. Further investigations are required to achieve  gecause microscopic precipitations were observed in the cases
controlled radical polymerization of NVin. of the complexation of DDQ with the polymer solutions, the
Formation of Charge-Transfer Complexes.The resulting filtrates, which were dark green solutions, were used for CT
polymers were characterized in terms of their optical and thermal absorption measurement. As shown in Figure 5c,f, the poly-
properties. At first we investigated the capability of the (NVIn)/DDQ exhibits a CT absorption spectrum at longer
polymers, poly(NVIn) and poly(2MNVIn), to afford charge wavelength (506800 nm), which shifts from the strong DDQ
transfer (CT) complexes with typical organic acceptors, such band atA < 500 nm. On the contrary, the peak of poly-
as 7,7,8,8-tetracyanoquinodimethane (TCNQ), tetracyanoeth-(2MNVIn)/DDQ complex shifts to a shorter wavelength area,
ylene (TCNE), and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone which is actually located between the poly(2MNVIn) and DDQ.
(DDQ). The formation of a CT complex is a crucial point for To obtain further information on the CT complexes of DDQ
the employment of the resulting polymers as photoconductive with the polymers, the dark purple precipitates formed just after
matrices in a photorefractive composite mateffalrhe UV— mixing were isolated by filtration. After drying in vacuo at room
vis spectra were recorded in @El, solutions ([acceptorE temperature for 24 h, the isolated complexes were obtained as
[indole unit]= 4.2 x 10~3 mol/L) containing equimolar amounts  dark purple powders (yiele= 42% for poly(NVIn)/DDQ and
of the two components, i.e., the organic acceptor and the indole 66% for poly(2MNVIn)/DDQ). These complexes were insoluble
repeating unit in the polymers. Actually, a remarkable color in THF, CHCk, MeOH, hexane, and 4. Figure 6 shows the
change was observed on the addition of TCNQ from an almost FT-IR spectra of the DDQ, the polymers, and their complexes.
transparent polymer solution to a pale yellow, which is slightly The C=0 stretching band of DDQ (1674 crf moves slightly
darker than the yellow color of the original TCNQ (see to 1702 cnt?in the isolated complex of poly(NVIn) and DDQ,
Supporting Information, Figure S10). In the cases of the suggesting the interaction of the acceptor and the indole moiety.
complexations with TCNE, the transparent TCNE solution was In contrast, the isolated poly(2MNVIn)/DDQ complex exhibits
varied to deep blue or purple by mixing with the polymer a characteristic broad peak at 2900 cnt! with a negligible
solutions. These color changes of the solutions were detectedC=0 stretching peak. Similar results were reported in electri-
without any microscopic precipitation, when TCNQ and TCNE cally conductive CT complexes, in which the IR spectra were
were employed as acceptors. In contrast, sedimentation ac-sharp for poor conductors and very broad for good conduélors.
companying the color change from the pale brown DDQ solution These results indicate that the structure and property of the
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Table 6. Polymerization of 2-MethylN-vinylindole (2MNVIn) Using Macro-CTA and 2,2'-Azobis(isobutyronitrile) (AIBN) in 1,4-Dioxane at 60

°C
run macro-CTA [M}/[macro-CTA] time (h) conV (%) Mctheory Mnd SEC Mu/Mpd
1 poly(2MNVIn) 1 200/1 24 26 10 500 8900 1.35
2 poly(2MNVIn) 2 150/1 48 55 19 800 15400 1.18
3 poly(2MNVIn) 2 200/1 48 44 20 600 17 000 1.44
4 poly(2MNVIn) 2 250/1 48 46 24900 19 600 1.45

apPoly(2MNVIn) 1: M, = 2300,My/M, = 1.25, conversion= 13%; poly(2MNVIn) 2: M, = 6800,M,,/M, = 1.35, conversior= 48%." Calculated by
1H NMR in CDCl. ¢ Calculated by the conversion and the molecular weight of the poly(2MNVIn) macro-€Ramber-average molecular weigtily)
and molecular weight distributionVi,/Mp) were measured by size-exclusion chromatography (SEC) using polystyrene standards in THF.

Table 7. Polymerization of N-Vinylindole (NVIn) Using Different (a) 0.2 . (d) 0.2 .
Chain Transfer Agents (CTAs) with 2,2-Azobis(isobutyronitrile) i \
(AIBN) in 1,4-Dioxane at 60°C?2 0.15 ! 0.15 ';
asp 5| \
run  CTAP  time(h) con¥(%) theory SEC  My/My® 8 04 1 8 o1 \
5 y ly(NVI 5 ! ly(2MNVI
1 48 77 12000 354 2 \ NG 2 SOt
2 CTA1l 24 25 3800 6600 171 < 0.05 TCNQ 1 < 0.05 \ TQNQl
3 CTA1 48 34 5100 7300  1.98 oy (vin) N
4  CTA2 24 20 3100 3100 152 ol | POVEMNVI)
5 CTA2 48 42 6200 5200 1.45 200 300 400 500 600 700 800 200 300 400 500 600 700 800
6 CTA3 24 14 2200 4800 1.55 Wavelength (nm) Wavelength (nm)
7 CTA3 48 33 4900 6000 1.45

a[NVIn] o [CTA]/[AIBN] o = 200/2/1, [AIBN}, = 7.8 x 1073 mol/L,
[CTAJo = 1.6 x 1072 mol/L, [NVIn]o = 1.6 mol/L.° CTA 1 = Sbenzyl-

O-ethyldithiocarbonate, CTA 2 O-ethyl-S(1-phenylethyl)dithiocarbonate,

and CTA 3= O-ethyl-S[(2-cyano)prop-2-yl]dithiocarbonaté Calculated
by 'H NMR in CDCls. ¢ Theoretical molecular weight theor) = (MW
of M) x [M]J/[CTA]o x conv + (MW of CTA). © Number-average
molecular weight 1,) and molecular weight distributionVi,/M,) were
measured by size-exclusion chromatography (SEC) using polystyrene o.
standards in THF.

(b) 0.5

04l
@
S5l TCNE
8
5 ool poly(NVin) + TCNE
go.
2 poly(NVin)

1F

complexes are affected by the polymer structure and that the

ability to create a complex with the indole unit is in the order () os

of DDQ > TCNE > TCNQ.

The polymer having low polydispersity prepared by RAFT 0
polymerization was compared to the conventional polymer,
which was prepared independently by a conventional radical
polymerization with AIBN. No significant difference was
detected in the absorption spectra of the CT complexes at 200

Absorbance

o
o

800 nm (see Supporting Information, Figure S13). This means
that the thermal properties can be manipulated simply by the
molecular weights of poly(2MNVIn)s, as mentioned in the next

section, without changing the optical property and the ability
for the CT complex formation. Note that the poly(NVIn) and
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Figure 5. Absorption spectra of acceptors, polymers, and their CT
complexes (1/1 molar ratio) in Gl ([acceptor]= [indole unit] =

poly(2MNVIn) exhibited a pale blue fluorescence upon excita- 4.2 x 102 mol/L): (a—c) poly(N-vinylindole) [poly(NVIn)], (d—f)
tion at 365 nm, which were different from the corresponding poly(2-methyIN-vinylindole) [poly(2MNVIn)], (a, d) 7,7,8,8-tetracy-
monomers (see Supporting Information, Figure S14).

Thermal Properties. The thermal properties of the resulting

anoquinodimethane (TCNQ), (b, e) tetracyanoethylene (TCNE), (c, f)
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ).

polymers were determined by differential scanning calorimetry  Taple 8. Molar Absorption Coefficient and Amax of Poly(NVIn) and
(DSC) and thermogravimetric analysis (TGA) measurements.

The glass transition temperatuiig) of poly(2MNVIn)s having

different molecular weights were analyzed by DSC, and the

Poly(2MNVIn) with Acceptor @

results are shown in Figure 7a. A reasonable dependenkg of 1
on the molecular weights was observed. Tlyevalue of poly-
(2MNVIn) having relatively high molecular weightsvig =

14 300 and\,/M, = 1.65) was found to be 18%, which was

apparently higher than that having low molecular weighis (
= 158°C, M, = 5100 andM,/M,, = 1.27). The same tendency
was observed in the poly(2MNVIn)s obtained by free radical

polymerization. Thely value Ty = 210°C, M,, = 30 200 and

Mw/M, = 2.05) obtained in this study is apparently higher than prepared by RAFT polymerization can be calculated to be 158

the reported valuely = 184°C22 M, = 4500,My/M, = 1.6),

effect of the molecular weight offiy can be quantified using
the following equation: Ty = Tg(c0) — K/My. According to the

equation, the theoretical values of representative poly(2MNVIn)s poly(2MNVIn) compared to a typical photoconductive polymer,

Ama® €
run polymer acceptor  (nm) (mol L=cm™Y)
poly(NVIn) TCNQ 680 3.61
2 poly(2MNVIn)  TCNQ 680 3.61
3 poly(NVIn) TCNE 573 12.3
4 poly(2MNVIn)  TCNE 543 17.5

aCT complexes of polymers with acceptors in £Hb ([acceptor]=

°C (M, = 5100), 174°C (M,
which may be due to the effect of the molecular weight. The 14 300), which are in good agreement with the observed values

[indole unit] = 4.2 x 1073 mol/L). ® Measured by UV-vis spectroscopy.
¢ Molar absorption{) = A/cd (A = absorbance ofmax ¢ = concentration
(mol/L), d = length of cell width (cm)).

8900), and 182C (M, =

(158, 171, and 188C, respectively). The calculated value of
Tgy(e0) is 195°C for thepoly(2MNVIn). The lowefMg values of
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Figure 6. FT-IR spectra of (a) DDQ, poly(NVIn), and their isolated
CT complex and (b) DDQ, poly(2MNVIn), and their CT complex.
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Figure 7. Dependence of number-average molecular weig¥ity ¢n

(a) glass transition temperaturg) and (b) the temperature for 10%
weight loss. Poly(2MNVIn)s obtained by free radical polymerization
(triangle, M, = 30200, T, = 210 °C, T® = 430 °C) and RAFT
polymerizations (circles, othe¥,s).

poly(N-vinylcarbazole) Ty = 227°C??), are crucial when these
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and then the thermal degradation of the main chain started; the
results are shown in Supporting Information (Figure S15). The
temperature for 10% weight loss of high molecular weight poly-
(2MNVIn) (M, = 13 900 andV,,/M, = 1.25) under a nitrogen
atmosphere is 41%C, which is almost the same as that of the
polymer obtained by conventional radical polymerizatiﬁbo(

= 428 °C, M, = 30200 andM,/M, = 2.05). Poly(NVIn)
prepared by RAFT polymerization showed a similar thermal
stability (T3° = 394°C, M, = 14 300 andW,/M, = 1.65). The
temperature 'I@O) decreased with the decreasing molecular
weights (Figure 7b) and finally reached the lowest value for
low molecular weight poly(2MNVIn) T;° = 300 °C, M, =
5900 and My/M, = 1.27) (see Supporting Information,
Figure S15). This is an indication that the chemical structure
of the end group has a significant influence on the degradation
behavior of the low molecular weight product, while the effect
is negligible on the polymers having higher molecular weights
(Mp > 10 000).

Conclusion

We investigated the radical polymerization of thréke
vinylindole derivatives, NVIn, 2MNVIn, and 3MNVIn, using
various CTAs. The poly(2MNVIn)s with controlled molecular
weights and low polydispersities were obtained by polymeri-
zation with a careful choice of reaction conditions in the
presence of CTA 2 as a xanthate-type CTA. Good control of
the polymerization was confirmed by the linear first-order kinetic
plot, the molecular weight controlled by the monomer/CTA
molar ratio, linear increase in the molecular weight with the
conversion, and the ability to extend the chain by a second
addition of the monomer. The UWis spectra of the polymers
showed additional absorptions due to the formation of CT
complexes with acceptors. It was found that the structure and
properties of the complexes with poly(2MNVIn) are different
from those with poly(NVIn) and that the ability to form the
complexes is in the order of DD@ TCNE > TCNQ. In
particular, strong CT absorption bands were obtained at longer
wavelength (456-860 nm) without any microscopic precipita-
tion, when TCNE was used as an acceptor. The glass transition
temperatureTg) of poly(2MNVIn) was arbitrarily adjusted in
the range of 156220 °C by changing the molecular weights.
These polymers having well-defined structures can provide
various functional materials with unique electronic and optical
properties for various applications, such as photorefractive
materials.
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Supporting Information Available: Figures showingH and
13C NMR spectra of the monomers and polymers, SEC traces of
poly(2MNVIn)s obtained at different temperatures (60 and@))
[M]/[CTA 2], ratios, polymerization times, chain extension,
appearance of samples illuminated under visible and UV light,

polymers are used as photorefractive materials at room tem-,psqrption spectra of the CT complexes at higher concentration

perature. Hence, the feasibility to control thgvalue by the

and the complexes with different polymers, TGA thermograms of

molecular weights makes them potentially promising candidates poly(2MNVIn)s, tables summarizing the date for all kinetic
for poly(N-vinylcarbazole) replacement in photorefractive ma- investigations, comparison 84 NMR and *3C NMR signals of

terials.

N-vinyl monomers, and polymerization results in commercial dry

Thermal stability of the resulting polymers was analyzed dioxane and purified one. This material is available free of charge

under nitrogen. The poly(2MNVIn) was stable up to 3D,

via the Internet at http:/pubs.acs.org.
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