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Introduction. Iniferter polymerization using a dithiocarba-
mate (DC) under thermal or UV irradiation conditions is one
of the earliest controlled radical polymerization (CRP) tech-
niques, reported by Otsu and co-workers in 1982 as a method
for preparing well-defined polymers.' It has been demon-
strated that this technique can be used to prepare various
macromolecular structures such as block copolymers,” graft
copolymers,® and star and hyperbranched polymers.* How-
ever, the structures and compositions of the polymers were
relatively poorly controlled, with broad molecular weight
distribution (MWD), due to the inefficient chain transfer
reaction of the DC. Significant improvements in iniferter
polymerization were made recently in the presence of copper
catalyst and various alkyl DCs, as reported by the authors’
group’ and others,® producing polymers with controlled
molecular weight (MW), narrow MWD, and high initiation
efficiency. The intrinsic limitation of the slow chain transfer
reaction in iniferter polymerization was overcome by signifi-
cant enhancement of activation and deactivation by copper
catalyst.’

Several CRP techniques invented later, such as nitroxide-
mediated polymerization (NMP),” atom transfer radical poly-
merization (ATRP),® and reversible addition—fragmentation
chain transfer (RAFT) polymerization,’ allow the synthesis
of well-defined (co)polymers with predictable MW, nar-
rower MWD, a wider range of functionalities, a higher
degree of chain end-functionality, and controllable macro-
molecular architecture. All CRP systems rely on a dynamic
equilibrium between propagating radicals and dormant
chains via a reversible deactivation mechanism.'® Generally,
ATRP requires alkyl (pseudo)halide as an initiator and a
transition metal/ligand complex as a catalyst; RAFT poly-
merization requires a conventional initiator such as AIBN and
a RAFT agent as a chain transfer agent (CTA). Recently, the
authors’ group presented synergetic effects on the concurrent
ATRP and RAFT polymerization in the presence of a copper
complex and RAFT agent.>'" This concurrent technique
provides several advantages over either ATRP or RAFT
polymerization: (1) new chain generation is eliminated by
the direct activation of a CTA by the copper complex;'' (2)
hence, preparation of purer block copolymer and very high
molecular weight (co)polymers are possible;' '*° (3) control of
the polymerization is maintained by a fast chain transfer
reaction between propagating radicals and CTAs;!"*™¢ (4)
thus, the required minimum concentration of deactivator,
Cu(I), to produce well-defined polzmer is below ppm levels,
while retaining a narrow MWD;''® and (5) even a catalyst
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Scheme 1. Simplified General Mechanism for ATRP with Dithio-
carbamate under UV Irradiation
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complex with inefficient ligands for ATRP provides well-
controlled polymerization.'™

Development of active and versatile initiating systems in
CRPisstill one of the vigorously studied subjects from scientific
and industrial viewpoints.'?> Various methods to activate dor-
mant species such as thermal, photochemical, or chemical
stimuli have been developed. Among them, CRP triggered by
photochemical stimuli has attracted a great deal of attention
due to the easy control of the polymerization, fast polymeriza-
tion rate, and the realization of ambient temperature polymer-
ization even with heat-sensitive or thermo-degradable mono-
mers at room temperature or below.'* As stated above, the
iniferter technique actively adopted the advantages of photo-
chemical initiation because of the presence of a DC moiety that
is photocleavable by UV irradiation. For a RAFT system,
y-ray," plasma,'> and UV—vis"**" irradiation have been
applied to activate or initiate polymerization. UV irradiation
has been used for NMP using nitroxide with a chromophore
moiety to facilitate cleavage of the carbon—oxygen bond.'®
Among these activation methods, UV irradiation without
externally added photoinitiator is an easy and effective method
for well-controlled polymerization.'* " Externally added
photoinitiators continuously generate growing chains with
different chain lengths, which will broaden the MWD and
contaminate polymers without living chain-end functional-
ity. ATRP with an alkyl halide has not yet efficiently used
UV irradiation as an activation method due to the absence of
a photocleavable moiety, although there is one report on
ATRP of methyl methacrylate (MMA) with 2,2-dichloroa-
cetophenone initiator under visible light irradiation.!” It was
proposed that the photoexcitation of a copper complex
increased the equilibrium constant (K.q) in ATRP, based
on the observed polymerization kinetics. We reexamined this
system and found the values of k,. with a ratio of ethyl
2-bromoisobutyrate/CuBr/N,N,N',N"",N'""" N""'-hexamethyl-
triethylenetetramine (HMTETA)/2,2,6,6-tetramethylpiperi-
dine 1-oxyl (TEMPO) = 20/20/20/100 mM at 22 °C under
UV and without UV irradiation were 0.10 and 0.092 M ~!s ™!,
respectively, an insignificant difference. As far as we know,
there is no report on the combination of iniferter polymeri-
zation and ATRP under UV irradiation at ambient tempera-
ture, while there are several reports on the combination of
ATRP and a photoinduced radical polymerization to synthe-
size block copolymers.'®

In this Communication, we take advantages of both
iniferter polymerization and ATRP. Iniferter polymeriza-
tion uses a photocleavable DC moiety, which will be acti-
vated by UV irradiation; ATRP contains a copper complex
that facilitates deactivation of propagating radicals rather
than activation of initiator, particularly, at low temperature,
as in the current system (Scheme 1). Therefore, inefficient
chain transfer reactions in iniferter polymerization were
overcome by the fast deactivation of radicals by the copper
complex, which produced well-defined polymers with
predictable MW and narrow MWD. Polymerization was
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Figure 1. (a) Kinetic plot of monomer conversion vs time and (b) dependence of M, (filled symbols) and M,/ M, (open symbols) vs percent conversion
for the MMA polymerization. All polymerizations were performed in 50% (v/v) anisole at 30 °C, unless otherwise mentioned: MMA/EMADC (with or
without CuBr/L, as shown in the figure) = 200/1 (0/0—2/2) at given temperatures; L = HMTETA.

successful at room temperature without an externally added
photoinitiator.

Results and Discussion. ATRP of MMA with 2-(N,N-
diethyldithiocarbamyl)isobutyric acid ethyl ester (EMADC)
and a copper complex was performed under UV irradiation.
Before investigating UV-irradiated ATRP of MMA, several
control experiments were carried out. All of the results of
control experiments are described in Table S1 of the
Supporting Information. Iniferter polymerization with a
ratio of MMA/EMADC = 200/1 in 50% (v/v) anisole at
30 °C without UV irradiation resulted in no polymer, even
after 71 h reaction (entries Sla—S1c). On the other hand, the
same polymerization with the same ratio at 90 °C resulted in
relatively high conversion (~32%) after 8.75 h, reaction
providing a number-average MW (M) > 300000 at all
observed conversions, and the ratio of number- and weight-
average MW (M,/M,) was > 2, which demonstrates poorly
controlled polymerization (entries S2a—S2d). This is due
to the slow generation of radicals by heating and the low
chain transfer constant of EMADC. ATRP of MMA with
a ratio of MMA/EMADC/CuBr/HMTETA = 200/1/1/1 in
50% (v/v) anisole at 90 °C without UV irradiation provided
poorly controlled polymers that had higher M,, compared
to My, and a relatively high M, /M,, as shown in entries
S3a—S3d and in a previous report,”® since activation of
EMADC by the copper catalyst is not fast enough to control
the polymerization. As can be seen in entries S4a—S4e,
iniferter polymerization of MMA with a ratio of MMA/
EMADC = 200/1 in 50% (v/v) anisole at 30 °C under UV
irradiation (230—400 nm using a UV filter) resulted in rela-
tively fast polymerization showing ~60% conversion after
5.25 h polymerization. The M,,/M, values were, however,
always higher than 2, as in conventional iniferter polymeri-
zations." ATRP of MMA at 30 °C with a ratio of MMA/
EMADC/CuBr/HMTETA = 200/1/1/1in 50% (v/v) anisole
without UV irradiation proceeded very slowly, resulting in
6.6% conversion after 47 h reaction due to slow activa-
tion of the DC initiator by the copper catalyst. As can be seen
in entries S5a—S5c, the values of M, are much higher than
M, s, and M,/M, was higher than 1.5. This is because the
amount of deactivators that were formed by radical—radical
coupling was insufficient due to slow activation.

Photoinduced ATRP of MMA at 30 °C under UV irradia-
tion (230—400 nm using a UV filter) with a ratio of MMA/
EMADC/CuBr/HMTETA = 200/1/1/1 in 50% (v/v) ani-
sole offered a well-controlled polymerization, as shown in
entries S6a—S6e (Table S1) and Figure 1. Figure la com-
pares rates of polymerization (R,) under various polymeri-
zation conditions. R, was highest with UV irradiation in the
absence of a copper complex but lowest with the copper
complex without UV irradiation, while the value of R, was
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Figure 2. Effect of UV irradiation during the ATRP of MMA with
EMADC in 50% (v/v) anisole at 30 °C: MMA/EMADC/CuBr/
HMTETA = 200/1/1/1.

between those for the reactions with UV-irradiated ATRP.
Similar R, was observed for UV-induced ATRP with 0.5, I,
and 2 equiv of copper complex compared to initiator since
the contribution on activation of initiator by the copper
complex is minor in this system compared to that by UV
irradiation. The slower polymerization at increasing time
might be due to the accumulation of deactivator, Cu(II), or
decomposition of activator, Cu(I), as polymerization pro-
ceeds. Well-controlled A, that is almost identical to M,
with low M, /M, were observed in UV-irradiated ATRP, as
shown in Figure 1b. This is due to the dramatic increase of
kot under UV irradiation (~65-fold), compared to that
without UV irradiation, and fast deactivation of propagat-
ing chains by the deactivator, as will be detailed later. The
values of M,/ M, were below 1.3 at around 20% conversion,
while those of iniferter polymerization under UV irradiation
at the same temperature were above 2. R, of UV-induced
ATRP was much higher, as compared to the ATRP at 30 °C
without UV irradiation.

To study the effect of UV irradiation on the ATRP with
the DC initiator system, the irradiation was turned on and
off intermittently during the MMA polymerization. Figure 2
shows In([M]y/[M]) vs time for MMA polymerization at
30 °C under UV irradiation with a ratio of MMA/EMADC/
CuBr/HMTETA =200/1/1/11in 50% (v/v) anisole. The poly-
merization proceeded very slowly due to the slow activation
of the dormant species by copper catalyst at 30 °C without
UV irradiation (R, = 1.28 x 10~ h ™! for the first slope in
Figure 2), while the polymerization proceeded more than
25-fold faster upon UV irradiation (R,"™ = 3.47 x 10 >h™"
for the second slope in Figure 2). After 75 h polymerization
(8 hunder UV irradiation and 67 h without UV irradiation),
PMMA with M, = 5950 and M,/M, = 1.40 was obtained at
30.5% conversion. ATRP of MMA with DC is thus photo-
switchable, where the reaction barely proceeds without UV



5182  Macromolecules, Vol. 43, No. 12, 2010

Macroinitiator Chain extended PMMA

M = 4790 M = 23,200

MM =127  MJM, =127

10° 10° 10°
Molecular Weight

Figure 3. Molecular weight distribution of PMMA-DC macroinitiator
before (left side) and after chain extension with MMA (right side).
Experimental conditions for chain extension with MMA: MMA/
PMMA-DC/CuBr/HMTETA = 1000/1/1/1in 50% (v/v) anisole under
UV irradiation at 30 °C (PMMA-DC: M,, = 4790; M /M, = 1.27).

irradiation but can restart under UV irradiation while keep-
ing the controlled M, and low M,/M . Thisis due to the fact
that, although carbon-centered radicals are generated extre-
mely slowly without UV irradiation, upon UV irradiation
DC initiators rapidly generate carbon-centered radicals that
induce radical propagation and are deactivated by Cu(Il)
species. The measured values of k. with a ratio of EMADC/
CuBr/HMTETA/TEMPO = 5/5/5/25 mM at 22 °C under
UV and without UV irradiation were 0.50 and 0.0075
M5!, respectively, which is a large difference.

To confirm the retention of the DC group at the chain end
and demonstrate the living character of the polymerization,
chain extension of MMA from the PMMA-DC macroini-
tiator (M,, = 4790, M /M, = 1.27) was conducted. Chain
extension was carried out at 30 °C under UV irradiation with
aratio of MMA/PMMA-DC/CuBr/HMTETA = 1000/1/1/
1 in 50% (v/v) anisole. After 6 h polymerization, a chain-
extended PMMA (M, =23200 and M,/M,=1.27) with
little tailing in the low-MW region was obtained at 17.7%
conversion (Figure 3). Peak deconvolution indicated around
5% dead chains in the PMMA-DC macroinitiator, demon-
strating the DC groups at the PMMA chain ends were quite
well maintained, which allowed clean chain extension with
MMA, while retaining a low M,/ M, value.

Conclusions. Well-controlled polymerization of MMA
was achieved using a copper catalyst and DC initiator
under UV irradiation at ambient temperature. The living
and controlled characters of this polymerization were
confirmed by both the linear evolution of M,, with conver-
sion, low M,/M,, and successful chain extension of result-
ing macroinitiator. The polymerization was photocon-
trollable; i.e., polymerization proceeded mainly under
UV irradiation while maintaining controlled M, and low
M,/ M, throughout the procedures. The current technique
may find use in a variety of practical applications where
thermally unstable monomers are used and suitable for
micropatterning.

Acknowledgment. The authors thank the National Science
Foundation (CHE-07-15494) and the members of the CRP
Consortium at Carnegie Mellon University for their financial
support and Dr. Matthew Tonge for valuable discussions.

Supporting Information Available: Experimental proce-
dures, analytical methods, detailed results of control experi-
ments, and comparison of k,. under UV and without UV

Communication

irradiation. This material is available free of charge via the
Internet at http://pubs.acs.org.

References and Notes

(1) (a)Otsu, T.; Yoshida, M. Makromol. Chem., Rapid Commun. 1982,
3, 127-132. (b) Otsu, T.; Yoshida, M.; Tazaki, T. Makromol. Chem.,
Rapid Commun. 1982, 3, 133—140. (c) Otsu, T.; Matsumoto, A. Adv.
Polym. Sci. 1998, 136, 75-137. (d) Otsu, T. J. Polym. Sci., Part A:
Polym. Chem. 2000, 38, 2121-2136.

(2) (a) Otsu, T.; Kuriyama, A. Polym. J. 1985, 17, 97-104. (b) Kroeze,
E.; de Boer, B.; ten Brinke, G.; Hadziioannou, G. Macromolecules
1996, 29, 8599-8605.

(3) (a) Yamashita, K.; Ito, K.; Tsuboi, H.; Takahama, S.; Tsuda, K.
J. Appl. Polym. Sci. 1990, 40, 1445-1452. (b) Higashi, J.; Nakayama,
Y.; Marchant, E. R.; Matsuda, T. Langmuir 1999, 15, 2080-2088. (c)
de Boer, B.; Simon, H. K.; Werts, M. P. L.; van der Vegte, E. W.;
Hadziioannou, G. Macromolecules 2000, 33, 349-356.

(4) (a) Ishizu, K.; Mori, A. Macromol. Rapid Commun. 2000, 21, 665—
668. (b) Ishizu, K.; Katsuhara, H.; Itoya, K. J. Polym. Sci., Part A:
Polym. Chem. 2006, 44, 3321-3327.

(5) (a) Kwak, Y.; Matyjaszewski, K. Macromolecules 2008, 41, 6627—
6635. (b) Kwak, Y.; Nicolay, R.; Matyjaszewski, K. Aust. J. Chem.
2009, 62, 1384-1401.

(6) (a) Li, P.; Qiu, K.-Y. J. Polym. Sci., Part A: Polym. Chem. 2002, 40,
2093-2097. (b) Zhang, W.; Zhou, N.; Zhu, J.; Sun, B.; Zhu, X.
J. Polym. Sci., Part A: Polym. Chem. 2005, 44,510-518. (c) Zhang,
W.; Zhu, X.; Zhu, J.; Chen, J. J. Polym. Sci., Part A: Polym. Chem.
2006, 44, 32-41.

(7) (a) Georges, M. K.; Veregin, R. P. N.; Kazmaier, P. M.; Hamer,
G. K. Macromolecules 1993, 26,2987-2988. (b) Benoit, D.; Grimaldi,
S.; Robin, S.; Finet, J. P.; Tordo, P.; Gnanou, Y. J. Am. Chem. Soc.
2000, 722, 5929-5939. (c) Hawker, C. J.; Bosman, A. W.; Harth, E.
Chem. Rev. 2001, 101, 3661-3688. (d) Sciannamea, V.; Jerome, R.;
Detrembleur, C. Chem. Rev. 2008, 108, 1104-1126.

(8) (a) Wang, J.-S.; Matyjaszewski, K. Macromolecules 1995, 28, 7901—
7910. (b) Wang, J.-S.; Matyjaszewski, K. J. Am. Chem. Soc. 1995, 117,
5614-5615. (c) Kato, M.; Kamigaito, M.; Sawamoto, M.; Higashimura,
T. Macromolecules 1995, 28, 1721-1723. (d) Matyjaszewski, K.; Xia,
J. Chem. Rev. 2001, 101, 2921-2990. (e) Kamigaito, M.; Ando, T.;
Sawamoto, M. Chem. Rev. 2001, 101, 3689-3745. (f) Tsarevsky
Nicolay, V.; Matyjaszewski, K. Chem. Rev. 2007, 107, 2270-2299. (g)
Ouchi, M.; Terashima, T.; Sawamoto, M. Chem. Rev. 2009, 109, 4963—
5050. (h) Rosen, B. M.; Percec, V. Chem. Rev. 2009, 109, 5069—-5119.
(i) Matyjaszewski, K.; Tsarevsky, N. V. Nat. Chem. 2009, 1, 276-288.

(9) (a) Chiefari, J.; Chong, Y. K.; Ercole, F.; Krstina, J.; Jeffery, J.; Le,
T. P. T.; Mayadunne, R. T. A.; Meijs, G. F.; Moad, C. L.; Moad,
G.; Rizzardo, E.; Thang, S. H. Macromolecules 1998, 31, 5559—
5562. (b) Moad, G.; Rizzardo, E.; Thang, S. H. Aust. J. Chem. 2009,
62, 1402-1472. (c) Boyer, C.; Bulmus, V.; Davis, T. P.; Ladmiral, V.;
Liu, J. Q.; Perrier, S. Chem. Rev. 2009, 109, 5402-5436.

(10) (a) Greszta, D.; Mardare, D.; Matyjaszewski, K. Macromolecules
1994, 27, 638-644. (b) Goto, A.; Fukuda, T. Prog. Polym. Sci. 2004,
29, 329-385. (c) Braunecker, W. A.; Matyjaszewski, K. Prog. Polym.
Sci. 2007, 32, 93—146.

(11) (a) Kwak, Y.; Nicolay, R.; Matyjaszewski, K. Macromolecules
2008, 41, 6602—-6604. (b) Nicolay, R.; Kwak, Y.; Matyjaszewski, K.
Angew. Chem., Int. Ed. 2010, 49, 541-544. (c) Kwak, Y.; Nicolay, R.;
Matyjaszewski, K. Macromolecules 2009, 42, 3738-3742. (d) Kwak,
Y.; Yamamura, Y.; Matyjaszewski, K. Macromol. Chem. Phys. 2010,
211, 493-500. (e) Nicolay, R.; Kwak, Y.; Matyjaszewski, K. Chem.
Commun. 2008, 5336-5338. (f) Nicolay, R.; Kwak, Y.; Matyjaszewski,
K. Macromolecules 2008, 41, 4585-4596. (g) Huang, C. F.; Nicolay,
R.; Kwak, Y.; Chang, F. C.; Matyjaszewski, K. Macromolecules 2009,
42,8198-8210.

(12) (a) Matyjaszewski, K.; Jakubowski, W.; Min, K.; Tang, W.;
Huang, J.; Braunecker Wade, A.; Tsarevsky, N., V. Proc. Natl.
Acad. Sci. U.S.A. 2006, 103, 15309-15314. (b) Jakubowski, W.;
Min, K.; Matyjaszewski, K. Macromolecules 2006, 39, 39-45. (c)
Jakubowski, W.; Matyjaszewski, K. Angew. Chem., Int. Ed. 2006, 45,
4482-4486. (d) Min, K.; Gao, H.; Matyjaszewski, K. Macromolecules
2007, 40, 1789-1791. (e) Matyjaszewski, K.; Tsarevsky, N. V.;
Braunecker, W. A.; Dong, H.; Huang, J.; Jakubowski, W.; Kwak, Y;
Nicolay, R.; Tang, W.; Yoon, J. A. Macromolecules 2007, 40, 7795—
7806. (f) Goto, A.; Tsujii, Y.; Fukuda, T. Polymer 2008, 49,5177-5185.
(g) Yamago, S. Chem. Rev. 2009, 109, 5051-5068.

(13) (a) Ishizu, K.; Khan, R. A.; Furukawa, T.; Furo, M. J. Appl. Polym.
Sci. 2004, 91, 3233-3238. (b) Yamago, S.; Ukai, Y.; Matsumoto, A.;



Communication

Nakamura, Y. J. Am. Chem. Soc.2009, 131,2100-2101. (c) Quinn, J. F.;
Barner, L.; Barner-Kowollik, C.; Rizzardo, E.; Davis, T. P. Macromo-
lecules 2002, 35, 7620-7627. (d) Lu, L. C.; Yang, N. E.; Cai, Y. L. Chem.
Commun. 2005, 5287-5288. (e) Lu, L.; Zhang, H. J.; Yang, N. F.; Cai,
Y. L. Macromolecules 2006, 39, 3770-3776. (f) Jiang, W. D.; Lu, L. C,;
Cai, Y. L. Macromol. Rapid Commun. 2007, 28, 725-728. (g) Tasdelen,
M. A.; Durmaz, Y. Y.; Karagoz, B.; Bicak, N.; Yagci, Y. J. Polym. Sci.,
Part A: Polym. Chem. 2008, 46, 3387-3395. (h) Durmaz, Y. Y.;
Karagoz, B.; Bicak, N.; Yagci, Y. Polym. Int. 2008, 57, 1182-1187.

(14) (a) Bai, R. K.; You, Y. Z.; Pan, C. Y. Macromol. Rapid Commun.

2001, 22,315-319. (b) Quinn, J. F.; Barner, L.; Rizzardo, E.; Davis, T. P.
J. Polym. Sci., Part A: Polym. Chem. 2002, 40, 19-25.

Macromolecules, Vol. 43, No. 12, 2010 5183

(15) Chen, G. J.; Zhu, X. L.; Zhu, J.; Cheng, Z. P. Macromol. Rapid
Commun. 2004, 25, 818-824.

(16) (a) Hu, S.; Malpert, J. H.; Yang, X.; Neckers, D. C. Polymer 2000,
41, 445-452. (b) Goto, A.; Scaiano, J. C.; Maretti, L. Photochem.
Photobiol. Sci. 2007, 6, 833-835. (c¢) Guillaneuf, Y.; Bertin, D.;
Gigmes, D.; Versace, D. L.; Lalevee, J.; Fouassier, J. P. Macromole-
cules 2010, 43, 2204-2212.

(17) Guan, Z. B.; Smart, B. Macromolecules 2000, 33, 6904—6906.

(18) (a) Erel, I.; Cianga, L.; Serhatli, E.; Yagci, Y. Eur. Polym. J. 2002,
38, 1409-1415. (b) Degirmenci, M.; Cianga, L.; Yagci, Y. Macromol.
Chem. Phys. 2002, 203, 1279-1284. (c) Serhatli, I. E.; Kacar, T.; Onen,
A. J. Polym. Sci., Part A: Polym. Chem. 2003, 41, 1892-1903.



