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ABSTRACT: We demonstrated that density functional
theory calculations provide a prediction of the trends in C-S
bond dissociation energies and atomic spin densities for
radicals using two model compounds as diethyldithiocar-
bamate (DC)-mediated iniferters. On the basis of this infor-
mation, we synthesized 2-(N,N-diethyldithiocarbamyl)i-
sobutylic acid (DTCA) and (4-cyano-4-diethyldithiocarbam-
yl)pentanoic acid (CDPA) as DC-mediated iniferters. Free-
radical polymerizations of styrene (St) were carried out in
benzene initiated by DTCA or CDPA under UV irradiation.
The first-order time-conversion plots showed the straight
line for the UV irradiation system initiated by CDPA indi-
cating the first order in monomer. The number-average mo-
lecular weight (Mn) of the polystyrene (PSt) increased in
direct proportion to monomer conversion. The molecular
weight distribution (Mw/Mn) of the PSt was in the range of

1.3–1.7. It was concluded this polymerization system pro-
ceeded with a controlled radical mechanism. However, pho-
topolymerization of styrene initiated by DTCA showed non-
living polymerization consistent with UV initiation. Theo-
retical predictions supported these experimental results.
Methacrylic acid (MA) could also be polymerized in a living
fashion with such a PSt precursor as a macroinitiator be-
cause PSt exhibited a DC group at its terminal end. This
system could be applied to the architecture of block copoly-
mers. © 2004 Wiley Periodicals, Inc. J Appl Polym Sci 95: 413–418,
2005
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INTRODUCTION

The synthesis of polymers via living radical polymer-
ization has gained importance because of its great
versatility with a wide range of monomers, the control
of the molecular weights, and the low polydispersities
of the resulting polymers. The photochemical reac-
tions and initiation polymerization of N,N-diethyldi-
thiocarbamate derivatives have been extensively stud-
ied by Otsu.1 Generally, this type of compounds is
used as an iniferter. Among these iniferters, the well-
designed dithiocarbamates (DC) are most efficient
photoinitiators, including living radical polymeriza-
tion, which leads to various functional, block, graft,
star, and crosslinked polymers that have a normal
molecular weight distribution (Mw/Mn). The field of
living radical polymerization has expanded rapidly in
recent years, being used in a nitroxide-mediated pro-
cess2–6 and in atom transfer radical polymerization
(ATRP) procedures.7–12 Moreover, DC compounds are

also useful reversible addition-fragmentation chain
transfer (RAFT) agents in which the nitrogen lone pair
is part of an aromatic ring.13

We have an interest in realization for living radical
polymerization in aqueous media. Up to now, the
ATRP is one of the best methods to achieve living
radical polymerizations in an aqueous solution. How-
ever, this method is not useful for the polymerization
of methacrylic acid or acrylic acid monomers, because
such systems need basic ligands such as bipyridyl
compounds. The RAFT process is also a convenient
method for the architecture of hydrophilic polymers
using water-soluble chain transfer reagents such as
4-cyanopentanoic acid dithiobenzoate.14–16 More re-
cently, we demonstrated that density functional the-
ory calculations provide a reliable and quantitative
prediction of the trends in C-S bond dissociation en-
ergies for several model compounds as photoinitiator.
On the basis of this information, we designed the
photoinitiator 2-(N,N-diethyldithiocarbamyl)isobu-
tyric acid (DTCA) to polymerize hydrophilic vinyl
monomers (2-hydroxyethyl methacrylate and N-iso-
propylacrylamide) with living radical mecha-
nisms.17,18 Kwak et al.19 also prepared carboxylic acid
mono functional poly(methyl methacrylate) (PMMA)
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by emulsion photopolymerization using 4-diethyldi-
thiocarbamylsulfanylmethyl benzoic acid as an
iniferter.

In this article, we prepared DC-mediated iniferters,
that is, DTCA and (4-cyano-4- diethyldithiocarbam-
yl)pentanoic acid (CDPA). Free-radical polymeriza-
tions of styrene (St) were carried out in benzene using
DTCA or CDPA as an initiator under UV irradiation.
We performed the kinetic analysis to understand the
radical mechanisms of initiation and propagation. We
also prepared PSt-block-poly(methacrylic acid) (PMA)
by copolymerization of methacrylic acid (MA) with
PSt precursor as a macroinitiator via a living fashion.

EXPERIMENTAL PROCEDURES

Materials

4,4�-Azobis(4-cyanopentanoic acid) (V-501; Wako
Pure Chemical Ind. Ltd.), tetraethylthiuram disulfide
(TD), methanol, chloroform, benzene, 1,4-dioxane,
N,N-dimethylformamide (DMF), diethyl ether, n-hex-
ane, and tetrahydrofuran (THF; Tokyo Kasei Kogyo
Co. Ltd.) were used as received. Styrene (St) and
methacrylic acid (MA; Tokyo Kasei Kogyo Co. Ltd.)
were purified by vacuum distillation.

DTCA was synthesized by the reaction of 2-bro-
moisobutyric acid with N,N-diethyldithiocarbamate
sodium salt. Details concerning the synthesis and pu-
rification have been given elsewhere.17

Synthesis of iniferter (4-cyano-4-
diethyldithiocarmyl)pentanoic acid (CDPA)

To a solution of V-501 (1 g, 3.57 mmol) in dioxane (70
mL) was added TD (1.06 g, 3.57 mmol), and the reac-
tion mixture was stirred at 88°C for 24 h in a sealed
glass ampoule under high vacuum. The reaction mix-
ture was concentrated and the residue subjected to
column chromatography on silica with chloroform/
methanol (3 : 1) as eluent; Rf � 0.62 and yield 54%.

Free-radical polymerizations of styrene

Typical radical polymerizations of styrene (50 vol %
benzene solution) were carried out initiated by CDPA
([St]0/[CDPA]0 � 60 mol/mol) at 30°C varying the UV
irradiation time (250 W high-pressure mercury lamp,
Ushio Denki SX-UI 250 HAMQ; UV intensity 42 mW/
cm2, irradiation distance 15 cm). After polymerization,
the polymer was recovered by precipitation with
methanol. The conversion was estimated by gravimet-
ric measurements.

Synthesis of block copolymers

To prove the existence of the DC group at the terminal
end of PSt, we synthesized block copolymers with a

PSt precursor as a macroinitiator. Photopolymeriza-
tion of MA (0.5 mL) was carried out in DMF (5 mL)
initiated by a PSt macroinitiator (Mn � 7000, 0.05 g) at
30°C under UV irradiation for 2 h. After polymeriza-
tion the PSt-block-poly(methacrylic acid) (PMA) was
recovered by precipitation with diethyl ether.

Characterization

The number-average molecular weights (Mn) and mo-
lecular weight distribution (Mw/Mn) of polystyrene
(PSt) were determined by gel permeation chromatog-
raphy equipped with a refractive index (RI) recorder
(GPC; Tosoh high-speed liquid chromatography HLC-
8120), which was operated with two TSK gel columns,
GMHXL (excluded-limit molecular weight MEL � 4
� 108) and G2000HXL (MEL � 1 � 104), in series with
THF as eluent (flow rate 1.0 mL/min) at 38°C. The
calibration curve was performed with PS standards.
The chemical shifts of CDPA were determined by
1H-NMR (500 MHz JEOL GSX-500 NMR spectrome-
ter) in CD3OD.

The composition of the block copolymers was de-
termined by FT-IR spectroscopy (Shimadzu FTIR-
8500). A calibration curve was constructed using a
mixture of PSt and PMA (characteristic absorbance of
aromatic ring of PSt; 1497 cm�1, and carbonyl moiety
of PMA; 1700 cm�1). To prove the formation of PSt-
block-PMA, the turbidimetric measurement of the
block copolymer and corresponding PSt precursor
was carried out at the wavelength of 500 nm. 10 mg of
each polymer sample was dissolved in 70 mL DMF,
and n-hexane was added stepwisely with vigorous
stirring in cell (Pyrex cylinder, 150 mL) for turbidimet-
ric measurement at 25°C (Corona Front Scatter
Method Turbidimeter UF-11).

Density functional theory calculations

To design the DC-mediated iniferters, we performed
density functional theory calculations (B3LYP func-
tional using the 6–31G-(d) basis set) for the model
compounds CDPA and DTCA. The C-S bond energies
were calculated assuming a homolytic bond cleavage
corrected with zero-point energy. Details concerning
the calculations have been given elsewhere.17

RESULTS AND DISCUSSION

Figure 1a shows the results of C-S bond dissociation
energies and bond lengths for CDPA and DTCA.
Steric factors are important in determining bond dis-
sociation energies. It can be anticipated that this
should be reflected in longer lengths of the breaking
C-S bond in the ground state for which steric factors
are greater. The calculations predict that the value of
the C-S bond length (1.873 Å) of CDPA is longer than
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that (1.858 Å) of DTCA. On the other hand, Figure 1b
shows atomic spin densities for corresponding pro-
duced radicals. It is also found that the 4-cyanopen-
tanoic acid radical is more stable than the isobutyric
acid radical due to the electron-attracting of the CN
substituent group. Based on the above information,
we prepared CDPA as an iniferter. The CDPA was
provided by the transfer reaction of the 4-cyanopen-
tanoic acid radical to the TD compound. The 1H-NMR
spectrum of CDPA is shown in Figure 2. This spec-

trum indicates the expected resonances for the methyl
protons (e: � 1.20 and 1.29 ppm) and methylene pro-
tons (d: 3.79 and 3.94 ppm) of the DC group, the
methyl protons (c: 1.72 ppm), and the ethylene pro-
tons (b: 2.21 and 2.50 ppm, a: 2.40 ppm). Photolysis of
the iniferter CDPA leads to initiating a 4-cyanopen-
tanoic acid radical with a less active DC radical (see
Scheme 1). This 4-cyanopentanoic acid radical can add
to the vinyl group of a styrene monomer. Propagating
radicals always take the equilibrium with the DC rad-

Figure 1 Results of density functional theory for model iniferters calculated assuming a hemolytic bond cleavage at 3L
YP/6–31G(d) corrected with zero-point energy: (a) C-S bond lengths and bond energies, (b) atomic spin densities for radicals.

Figure 2 1H-NMR spectrum of (4-cyano-4-diethyldithiocarbamyl)pentanoic acid (CDPA) in CD3OD.
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icals. By repeating these elementary reactions, this
polymerization system proceeds to form PSt.

To demonstrate this concept, photopolymerizations
of St were carried out in benzene initiated by CDPA
(50 vol % benzene solution, [St]0/[CDPA]0 � 60),
varying the UV irradiation times. Typical GPC profiles
of these polymerization series are shown in Figure 3.
All the GPC curves show a unimodal distribution. The
elution peaks shift to the high-molecular weight-side
increasing with reaction times. The conversion was
estimated by gravimetric measurements for the recov-
ered polymers.

We performed the first-order time conversion plot
in this polymerization system (see Fig. 4), where [M]0
is the initial concentration of the monomer St. The
straight line in the semilogarithmic coordinates indi-
cates not only the first order in the monomer but also
a constant for the active species.

Figure 5 shows the plot of Mn or Mw/Mn against
conversion, where the dotted line indicates the calcu-
lated values (Mn,calcd) assuming that one molecule of
the initiator generates one polymer chain. The Mn of
the obtained polymers increased in direct proportion
to monomer conversion through the origin. However,

the Mn values were higher than the calculated values.
This means that the initiator efficiency of CDPA (f
� � 0.3) was not so high. The polydispersity increased
gradually with an increment of conversion (Mw/Mn

� 1.3–1.7). Therefore, this polymerization system
seems to proceed with a controlled radical mecha-
nism. Sigwalt et al.20–22 and Turner et al.23 reported
the mechanism of polymerization of n-butyl acrylate
and block copolymer formation using dithiocarbam-
ate free-radical chemistry. They proposed a photo-
chemical cleavage of the thiocarbonyl-nitrogen bond
and subsequent elimination of CS2 as the decomposi-
tion pathway. In this work, such side reactions do not
seem to take place during polymerization of St. These
problems will be mentioned later in the section on
block copolymer synthesis.

Subsequently, photopolymerization of St was car-
ried out initiated by DTCA under UV irradiation (50
vol % benzene solution, [St]0/[DTCA]0 � 30). The
elution peaks of GPC scarcely shifted regardless of
polymerization time, though all the GPC curves
showed a unimodal distribution. Figure 6 shows the
plot of Mn or Mw/Mn against conversion. The Mn of
the obtained polymers showed almost constant value
(� 5000). This system showed nonliving polymeriza-
tion consistent with UV initiation. The iniferter CDPA
was profitable for the polymerization of St compared
to DTCA as predicted by density functional theory.

Figure 4 First-order time-conversion plots for photopoly-
merizations of styrene in benzene initiated by CDPA (50 vol
% benzene solution, [St]0/[CDPA]0 � 60) under UV irradi-
ation.

Scheme 1

Figure 3 GPC profiles of photopolymerizations of styrene
in benzene initiated by CDPA (50 vol % benzene solution,
[St]0/[CDPA]0 � 60) in THF as eluent at 38°C, varying UV
irradiation time.
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Such different reactivities of propagating radicals for
vinyl monomers have been left unsolved in this work.

We performed the block copolymer synthesis by
photopolymerization of MA with the PSt precursor
(sample initiated by CDPA under UV irradiation; Mn

� 7000, Mw/Mn � 1.5) as a macroinitiator. This pre-
cursor corresponds to the sample at 30% conversion
(see Fig. 5). The FTIR spectrum of the copolymer pro-
duced showed the expected absorbance for the car-
bonyl group (1700 cm�1) and aromatic ring (1497 and
840 cm�1). To determine the composition of the copol-
ymer, a calibration curve was constructed using a
mixture of PSt and PMA (aromatic absorbance at 1497
cm�1, and carbonyl groups at 1700 cm�1). The com-
position of the PSt block was determined to be 59 mol

%. Therefore, the Mn of the PMA block was estimated
to be 4000, that is, 86[0.41 � 7000/(104 � 0.59)]. The
turbidity curves of the block copolymer and PSt pre-
cursor are shown in Figure 7. Curves a and b indicate
the turbidities of PSt-block-PMA and the PSt precursor,
respectively. Beyond the n-hexane fraction of 0.22,
n-hexane works as precipitant for PSt-block-PMA
(curve a). On the other hand, turbidity for curve b (PSt
precursor) shifts to the high fraction side (0.30–0.45)
of n-hexane due to small molecular weight. These
results support not only the formation of the block
copolymer but also good functionality of the PSt pre-
cursor, that is, PSt exhibited a DC group at its terminal
end.

In this work, we studied the living nature of free-
radical polymerization of the hydrophobic styrene
monomer initiated by DC-mediated iniferters. The
density functional theory calculations for iniferters
supported strongly the experimental data. The PSt
precursors obtained in this work can be used widely
as macroinitiators in the architecture of block copoly-
mers. Moreover, the CDPA sodium or ammonium salt
was soluble in water. We are using this initiator for
living free-radical polymerization of hydrophilic
methacrylic acid in aqueous media. The results ob-
tained will be reported in the near future.

CONCLUSIONS

We have explored the approach to living free-radical
polymerization of styrene using the DC-mediated
iniferters CDPA and DTCA. The first-order time-con-
version plot for the polymerization system initiated by
CDPA under UV irradiation showed a straight line.
The Mn of the obtained PSt increased in direct propor-
tion to monomer conversion. The polydispersity indi-
ces increased gradually with an increment of conver-
sion, and the polymerization seemed to proceed with
a controlled radical mechanism. However, the radical
system initiated by DTCA showed nonliving polymer-

Figure 5 Plots of number-average molecular weight (Mn)
or molecular weight distribution (Mw/Mn) against conver-
sion for photopolymerizations of styrene in benzene initi-
ated by CDPA (50 vol % benzene solution, [St]0/[CDPA]0
� 60) under UV irradiation; the dotted line indicates calcu-
lated values of Mn (Mn,calcd).

Figure 6 Plots of Mn or Mw/Mn against conversion for
photopolymerizations of styrene in benzene initiated by
DTCA (50 vol % benzene solution, [St]0/[DTCA]0 � 30)
under UV irradiation; the dotted line indicates calculated
values of Mn (Mn,calcd).

Figure 7 Turbidity curves of PSt-block-PMA (a) and PSt
precursor (b).
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ization consistent with UV initiation. The density
functional theory calculations for DC-mediated
iniferters supported strongly such experimental data.
MA could be polymerized in a living fashion with
such a PSt precursor as the macroinitiator. It will be
possible to apply this system to the architecture of
block copolymers.

The density functional theory calculations were carried out
at the Computer Center of the Tokyo Institute of Technology
and the Computer Center of the Institute for Molecular
Science, and we thank them for their generous permission to
use the SG1 Origin 2000 and Compaq Alpha Server GS320
and IBM SP2, respectively.
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