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ABSTRACT: Two novel azidofunctionalized chain transfer agents (CTAs) were prepared and subsequently
employed to mediate the reversible addition-fragmentation chain transfer (RAFT) polymerizations of styrene
(Sty) andN,N-dimethylacrylamide (DMA) under a variety of conditions. Trithiocarbonate 2-dodecylsulfanylth-
iocarbonylsulfanyl-2-methyl-propionic acid 3-azido-propyl ester and dithioester 4-cyano-4-methyl-4-thiobenzoyl-
sulfanyl-butyric acid 3-azido-propyl ester successfully mediated the polymerizations of Sty and DMA. Both RAFT
polymerizations exhibited pseudo-first-order kinetics and a linearMn dependence with conversion. The resulting
homopolymers (Mn ) 4 - 22 × 103 g/mol andMw/Mn e 1.33) were demonstrated to have retainedω end group
functionality, as evidenced by the successful formation of block copolymers. TheR-azido terminal polymers and
the azidofunctionalized CTAs were coupled with high efficiency by click chemistry to various alkynes (propargyl
acrylate, propargyl methacrylate, and propargyl alcohol) in the presence of a Cu(I) catalyst, demonstrating the
ability to prepare a range of functional telechelics and CTAs.

Introduction

Controlled/living radical polymerization (CRP) techniques
facilitate the preparation of (co)polymers with predetermined
molecular weights, narrow molecular weight distributions, and
high degrees of chain end functionalization.1 While resulting
in control comparable to living ionic polymerizations, CRP
methods can be conducted under less stringent conditions and
offer the additional advantage of enhanced functional group
tolerance.2-10 Despite the versatility of CRP techniques, post-
polymerization modification is a viable means to incorporate
functionality potentially incompatible with polymerization,
characterization, or processing conditions.11,12 In particular,
functionalization of end groups retained during CRP is a
potential method to prepare, for example, fluorescently labeled
chains,13,14 bioconjugates,15,16 and surface-immobilized poly-
mers.17,18 However, because of the inherent low concentration
of end groups and the possibility of side reactions with other
functional groups within the polymer, reactions with high
efficiency and fidelity are necessary for successful and specific
polymer modification.

With the use of a Cu(I) catalyst, azide-alkyne coupling
reactions result in highly specific and efficient preparation of
1,4-disubstituted 1,2,3-triazole products under moderate reaction
conditions.19,20 This particular coupling process can be con-
ducted in aqueous or organic media, and little or no side
reactions are observed. The practicality and versatility of the
Cu(I)-catalyzed coupling reaction led to its inclusion in the class
of efficient and specific organic reactions, commonly termed
“click chemistry”, as coined by Sharpless et al.21

Combining the synthetic techniques of CRP and click
chemistry provides an efficient route to functional polymeric
materials. Several groups reported the synthesis of (co)polymers
via CRP and subsequent azide-alkyne coupling reactions,
although the significant majority of these reports concern the
modification of (co)polymers prepared by atom transfer radical

polymerization(ATRP)ornitroxide-mediatedpolymerization.14,22-37

For example, Lutz et al. demonstrated the preparation of
ω-functional telechelics from polymers prepared by ATRP via
end group substitution with NaN3 and subsequent coupling with
various functional alkynes.31 We reported the preparation of
ω-(meth)acryloyl macromonomers via ATRP and azide-alkyne
coupling.38 While this approach proved an efficient and specific
means to prepare macromonomers with a high degree of end
group functionalization from any monomer polymerizable by
ATRP, we seek to expand the method to other radically
polymerizable monomer classes.

Reversible addition-fragmentation chain transfer (RAFT)
polymerization and macromolecular design via exchange of
xanthates have emerged as some of the most promising CRP
methods due to facile experimental setup and applicability to a
wide range of monomers.7-10 It is advantageous to extend the
pairing of CRP and click chemistry to capitalize on the flexibility
of RAFT polymerization and the efficiency and specificity of
click chemistry to prepare functionalized materials. Previously,
O’Reilly et al. reported the RAFT block copolymerization of a
protected acetylene-containing monomer. After deprotection, the
resulting block polymers were subsequently employed to prepare
shell-crosslinked micelles with cores susceptible to functional-
ization with low-molecular-weight azides.39 The same authors
also reported alkynyl-functionalized RAFT agents being em-
ployed to prepare surface-decorated micelles capable of reaction
with azido compounds.40

Herein, we describe the synthesis of azidofunctionalized
RAFT chain transfer agents (CTAs), namely trithiocarbonate 2-
dodecylsulfanylthiocarbonylsulfanyl-2-methyl-propionic acid 3-
azido-propyl ester (1) and dithioester 4-cyano-4-methyl-4-thio-
benzoylsulfanyl-butyric acid 3-azido-propyl ester (2). These novel
CTAs were used to mediate RAFT polymerizations of styrene
(Sty) andN,N-dimethylacrylamide (DMA) under conditions that
provided kinetic and molecular weight control. The azidofunc-
tionalized CTAs and the resultingR-azidoterminated polymers
were reacted with various acetylene species, demonstrating the
ability to prepare a range of telechelics and functional CTAs.

* Author to whom correspondence should be addressed. E-mail:
bsumerlin@smu.edu.

474 Macromolecules2007,40, 474-481

10.1021/ma061959v CCC: $37.00 © 2007 American Chemical Society
Published on Web 01/06/2007



Experimental

Materials. Styrene (Sty, Aldrich 99%) andN,N-dimethylacry-
lamide (DMA, Fluka, 98%) were passed through a small column
of basic alumina for catalyst removal prior to polymerization. 2,2′-
Azobisisobutyronitrile (AIBN, Sigma, 98%) was recrystallized from
ethanol. 4-Cyano-4-((thiobenzoyl)sulfanyl)pentanoic acid (CTB)
was prepared as previously reported.41 N,N-Dimethylformamide
(DMF, Aldrich 99.9%), 2-dodecylsulfanylthiocarbonylsulfanyl-2-
methyl-propionic acid (DMP, Noveon>95%), 1-ethyl-3-(3′-dim-
ethylaminopropyl)carbodiimide (EDC, Acros, 98%), 1-hydroxy-
benzotriaole (Chem-IPEX Intl., 99%), oxalyl chloride (Alfa Aesar,
98%), propargyl amine (TCI, 95%), potassium carbonate (Alfa
Aesar, 99%), magnesium sulfate (EMD, 99%), sodium acetate (Alfa
Aesar, 99%), acetic anhydride (Acros), methylene chloride (EMD,
HPLC), triethylamine (Sigma, 99.5%), potassium bromide (EMD,
99%), sodium azide (Sigma, 99.5%), 3-chloro-1-propanol (Acros,
98%), propargyl alcohol (Aldrich, 99%), propargyl acrylate (Aldrich
98%), propargyl methacrylate (Alfa Aesar 98%),N,N,N′,N′′,N′′-
pentamethyldiethylenetriamine (PMDETA, Aldrich, 99%), CuBr
(Aldrich, 98%), CDCl3 (Cambridge Isotope, 99% D), and dimeth-
ylsulfoxide-d6 (DMSO-d6, Cambridge Isotope, 99.9% D) were used
as received.

Synthesis of 3-Azidopropanol.3-Chloro-1-propanol (5.0 g, 53
mmol, 1.0 equiv) and sodium azide (8.59 g, 132 mmol, 2.5 equiv)
were reacted in DMF (26.5 mL) at 100°C for 48 h. The reaction
mixture was cooled to room temperature, poured into ethyl ether
(200 mL), and extracted with a saturated aqueous NaCl solution
(500 mL). The organic layer was separated, dried over MgSO4,
and filtered. The supernatant was concentrated to obtain the product
(5.1 g, 95% yield).1H NMR (δ, ppm): 3.76-3.73 (t, 2H,J )
5.93 Hz,-CH2-CH2-OH), 3.46-3.43 (t, 2H,J ) 6.54 Hz,-CH2-
CH2-N3), 2.09 (br-s, 1H, OH), 1.86-1.80 (m, 2H, HO-CH2-
CH2-CH2-N3). 13C NMR (δ, ppm): 59.7 (-CH2-CH2-OH), 48.3
(-CH2-CH2-N3), 31.3 (HO-CH2-CH2-CH2-N3). IR (KBr)
(wavenumber, cm-1): 3382 (br, s, OH); 2948 (C-Cs), 2100 (C-
NdNdN), 1266 and 738 (C-Cb).

Synthesis of 2-Dodecylsulfanylthiocarbonylsulfanyl-2-methyl-
propionic Acid Chloride (DMP -Cl). DMP (1.0 g, 2.7 mmol, 1.0
equiv) was dissolved in methylene chloride (15 mL) in a 50 mL
round-bottom flask, and the solution was cooled to approximately
0 °C. Oxalyl chloride (0.417 g, 3.3 mmol, 1.2 equiv) was added
slowly under a nitrogen atmosphere, and the solution was allowed
to reach room temperature and stirred for a total of 3 h. The resulting
solution was concentrated under reduced pressure to yield the acid
chloride product (1.0 g, 99% yield). Melting point) 63 °C. 1H
NMR (δ, ppm): 3.25-3.21 (t, 2H,J ) 7.4 Hz,-CH2-CH2-S-
CdS), 1.77 (s, 6H,-S-C(CH3)2-COCl), 1.70-1.66 (t, 2H,J )
7.3 Hz,-CH2-CH2-S-CdS), 1.39-1.25 (m, 18H, CH3-C9H18-
CH2-CH2S-CdS), 0.89-0.86 (t, 3H,J ) 6.2 Hz, CH3-C9H18-

CH2-CH2S-CdS). IR (KBr) (wavenumber, cm-1): 2919 and 2851
(C-Cs), 1717 (CdO), 1070 (CdS), 1281 and 815 (C-Cb).

Synthesis of 2-Dodecylsulfanylthiocarbonylsulfanyl-2-methyl-
propionic Acid 3-Azidopropyl Ester (1). 3-Azidopropanol (265
mg, 2.62 mmol, 1.0 equiv) was dissolved in methylene chloride (5
mL) in a 50 mL round-bottom flask, and the solution was cooled
to approximately 0°C. A solution of triethylamine (0.73 mL) in

Table 1. Conditions for the RAFT Polymerizations of Styrene (Sty) andN,N-Dimethylacrylamide (DMA)

entry
monomer
(concn) CTAa [M]:[CTA]:[I]

temp
(°C)

time
(h)

convb

(%)
Mn,theory

(g/mol)
Mn

c

(g/mol) Mw/Mn
c

A Sty (4.0 M) 1 200:1:0.2 70 31 40 8820 8580 1.18
B Sty (4.0 M) 1 200:1:0.2 80 5 23 5270 5140 1.15
C Sty (4.0 M) 1 200:1:0.5 80 5 37 8170 7490 1.19
D Sty (4.0 M) 2 100:1:0.5 70 22 53 5840 5870 1.25
E Sty (2.7 M) 2 200:1:0.5 70 23 40 8800 12 100 1.19
F Sty (4.0 M) 2 200:1:0.25 70 22 32 6620 5510 1.21
G Sty (4.0 M) 2 200:1:0.2 80 22 28 6200 5870 1.12
H DMA (4.7 M) 1 100:1:0.1 70 1.3 87 9100 10 640 1.12
I DMA (4.7 M) 1 50:1:0.1 70 1.5 94 5120 6300 1.13
J DMA (4.7 M) 1 50:1:0.05 70 2.3 62 3510 4100 1.13
K DMA (4.7 M) 1 100:1:0.05 80 1 98 10 100 10 400 1.11
L DMA (4.7 M) 1 50:1:0.05 80 1 98 5120 6020 1.13
M DMA (4.0 M) 2 100:1:0.5 70 41 94 9630 10 800 1.30
N DMA (4.0 M) 2 200:1:0.5 70 41 94 20 000 21 800 1.33

a 1: 2-dodecylsulfanylthiocarbonylsulfanyl-2-methyl-propionic acid 3-azidopropyl ester;2: 4-cyano-4-methyl-4-thiobenzoylsulfanyl-butyric acid 3-azi-
dopropyl ester.b Monomer conversion as determined by1H NMR spectroscopy.c As determined by size exclusion chromatography inN,N-dimethylformamide
by the triple detection method. CTA: chain transfer agent; M: monomer; I: initiator;Mn: number-average molecular weight;Mn,theory: theoreticalMn; Mw:
weight-average molecular weight.

Figure 1. 1H NMR spectra and peak assignments for (A) 2-dodecyl-
sulfanylthiocarbonylsulfanyl-2-methyl-propionic acid 3-azidopropyl
ester (1) and (B) 4-cyano-4-methyl-4-thiobenzoylsulfanyl-butyric acid
3-azidopropyl ester (2).

Macromolecules, Vol. 40, No. 3, 2007 Telechelics via RAFT Polymerization and Click Chemistry475



methylene chloride (5 mL) was added dropwise over 10 min. A
solution of DMP-Cl (1.0 g, 2.6 mmol) in methylene chloride (5
mL) was added dropwise, and the solution was allowed to reach
room temperature while stirring for 3 h. The solution was

concentrated under reduced pressure, diluted with ethyl ether (100
mL), and washed with saturated aqueous sodium bicarbonate
solution (50 mL), water (50 mL), and saturated NaCl solution (50
mL), successively. The organic layer was separated, dried over

Scheme 1. Reversible Addition-Fragmentation Chain Transfer Polymerizations of Styrene andN,N-Dimethylacrylamide with
Azidofunctionalized Chain Transfer Agents (1: 2-Dodecylsulfanylthiocarbonylsulfanyl-2-Methyl-propionic Acid 3-Azidopropyl Ester

and 2: 4-Cyano-4-methyl-4-thiobenzoylsulfanyl-butyric Acid 3-Azidopropyl Ester)

DMF: N,N-Dimethylformamide. AIBN: 2,2′-Azobisisobutyronitrile.

Figure 2. (A) Pseudo-first-order kinetic plot and (B) number-average molecular weight (Mn) vs monomer conversion for the reversible addition-
fragmentation chain transfer (RAFT) polymerization of styrene (Sty) with 2-dodecylsulfanylthiocarbonylsulfanyl-2-methyl-propionic acid 3-azidopropyl
ester (1). (C) Size exclusion chromatography (SEC) traces as a function of time for the RAFT polymerization of Sty with (1) (Table 1, EntryA:
[Sty]:[1]:[2,2′-azobisisobutyronitrile (AIBN)]) 200:1:0.2; [Sty]) 4.0 M in N,N-dimethylformamide (DMF);T ) 70 °C). (D) Pseudo-first-order
kinetic plot and (E)Mn vs monomer conversion for the RAFT polymerization of Sty with 4-cyano-4-methyl-4-thiobenzoylsulfanyl-butyric acid
3-azidopropyl ester (2). (b: [Sty] ) 4.0 M, O: [Sty] ) 2.7 M). (F) SEC traces as a function of time for the RAFT polymerization of Sty with2
(Table 1, EntryE: [Sty]:[2]:[AIBN] ) 200:1:0.5; [Sty]) 2.7 M in DMF; T ) 70 °C).
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MgSO4 (1.0 g), and filtered. The supernatant was concentrated under
reduced pressure to yield the product (1.05 g, 90% yield) as a
residual oil.1H NMR (δ, ppm): 4.19-4.16 (t, 2H,J ) 6.0 Hz,
-CH2-CH2-O-CdO), 3.37-3.33 (t, 2H,J ) 6.9 Hz,-CH2-
CH2-N3), 3.29-3.25 (t, 2H,J ) 7.6 Hz, -CH2-CH2-S-CdS),
1.91-1.88 (t, 2H,J ) 6.3 Hz,-CH2-CH2-N3), 1.71-1.62 (m,
8H, -CH2-CH2-S-CdS and-S-C(CH3)2-CO), 1.38-1.25 (m,
18H, CH3-C9H18-CH2-CH2S-CdS), 0.89-0.86 (t, 3H,J ) 5.9
Hz, CH3-C9H18-CH2-CH2S-CdS). 13C NMR (δ, ppm): 172.7
(CdO), 62.6 (-CH2-CH2-O-CdO), 55.8 (-S-C(CH3)2-CO),
48.1 (-CH2-CH2-N3), 36.8 (-CH2-CH2-S-CdS), 31.8 (-CH2-
CH2-N3), 29.6 (-C(3)H2-CH2-S), 29.5 (-C(4)H2-CH2-S), 29.4
(-C(5)H2-CH2-S), 29.3 (-C(6)H2-CH2-S), 29.0(-C(7)H2-
CH2-S), 28.9 (-C(8)H2-CH2-S), 27.9 (-C(9)H2-CH2-S), 27.8
(-C(10)H2-CH2-S), 25.2 (-S-C(CH3)2-CO), 22.6 (-C(11)H2-
CH2-S), 14.0 (CH3-C9H18-CH2-CH2S-CdS). IR (KBr) (wave-
number, cm-1): 2929 and 2853 (C-Cs), 2098 (C-NdNdN), 1735
(CdO), 1066 (CdS), 1156 and 815 (C-Cb). Elemental Analysis.
Calcd: C) 53.65%, H) 8.33%, N) 9.39%. Found: C) 53.98%,
H ) 8.33%, N) 7.84%.

Synthesis of 4-Cyano-4-methyl-4-thiobenzoylsulfanyl-butyric
Acid 3-Azidopropyl Ester (2). CTP (1.0 g, 3.5 mmol, 1.0 equiv)
was dissolved in methylene chloride (10 mL) in a 100 mL round-
bottom flask and cooled to approximately 0°C. 1-Hydroxybenzo-
triazole (530 mg, 3.9 mmol, 1.1 equiv) and EDC (753 mg, 3.9
mmol, 1.1 equiv) were added, and the solution was allowed to stir
at 0 °C for 30 min. A solution of 3-azidopropanol (362 mg, 3.5
mol, 1.0 equiv) in methylene chloride (5 mL) was added dropwise,
and the reaction mixture was allowed to warm to room temperature
and stir for 48 h. The reaction mixture was poured into a 10%
aqueous sodium bicarbonate solution and stirred for 30 min. The
mixture was extracted with methylene chloride (50 mL× 2), and
the organic layer was washed with a 10% sodium bicarbonate
solution (100 mL), water (100 mL), and a saturated NaCl solution
(100 mL), successively. The organic layer was dried over MgSO4,
filtered, and concentrated under reduced pressure. The resulting
oily residue was purified by column chromatography (silica gel,
eluent: ethyl acetate/hexane (2:8)) to give the product (440 mg,
34% yield). 1H NMR (δ, ppm): 7.91-7.89 (d, 2H,J ) 7.5 Hz,
Ph-C2 and C6), 7.58-7.54 (t, 1H,J ) 7.3 Hz, Ph-C4), 7.41-

Figure 3. (A) Pseudo-first-order kinetic plot and (B) number-average molecular weight (Mn) vs monomer conversion for the reversible addition-
fragmentation chain transfer (RAFT) polymerization ofN,N-dimethylacrylamide (DMA) with 2-dodecylsulfanylthiocarbonylsulfanyl-2-methyl-
propionic acid 3-azidopropyl ester (1). (C) Size exclusion chromatography (SEC) traces as a function of time for the RAFT polymerization of
DMA with 1. (Table 1, EntryJ: [DMA]: [1]:[ 2,2′-azobisisobutyronitrile (AIBN)]) 50:1:0.05; [DMA]) 4.7 M in N,N-dimethylformamide (DMF);
T ) 70 °C). (D) Pseudo-first-order kinetic plot and (E)Mn vs monomer conversion for the RAFT polymerization of DMA with 4-cyano-4-methyl-
4-thiobenzoylsulfanyl-butyric acid 3-azidopropyl ester (2) in DMF at 70°C with [DMA] ) 4 M. (F) SEC traces as a function of time for the RAFT
polymerization of DMA with2. (Table 1, EntryN: [DMA]: [2]:[AIBN] ) 200:1:0.5; [DMA] ) 4 M in DMF; T ) 70 °C).
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7.37 (d, 2H,J ) 7.6 Hz, Ph-C3 and C5), 4.22-4.19 (t, 2H,J )
6.2 Hz, -CH2-CH2-O-CdO), 3.42-3.38 (t, 2H,J ) 6.5 Hz,
-CH2-CH2-N3), 2.72-2.59 (m, 3H,-CH1-CH2-COOR), 2.45-
2.43 (m, 1H,-CH1-CH2-COOR), 1.95-1.90 (m, 5H, CH2-
CH2-N3 and S-C(CH3)-CN). 13C NMR (δ, ppm): 171.2 (Cd
O), 144.4 (Ph-C1), 132.9 (Ph-C4), 128.4 (Ph-C2 and C6), 126.5
(Ph-C3 and C5), 118.3 (S-C(CH3)-CN), 61.9-CH2-CH2-O-
CdO), 48.0 (-CH2-CH2-N3), 45.6 (S-C(CH3)-CN), 33.2
(-CH2-CH2-COOR), 29.6 (CH2-CH2-N3), 27.9 (-CH2-CH2-
COOR), 24.0 S-C(CH3)-CN). IR (KBr) (wavenumber, cm-1):
2933 (C-Cs), 2098 (C-NdNdN), 1735 (CdO), 1445 (CdCs),
1047 (CdS), 1181 and 867 (C-Cb). Elemental Analysis. Calcd:
C ) 53.02%,H ) 5.01%,N ) 15.46%. Found:C ) 53.07%,H
) 5.29%,N ) 12.90%.

RAFT Polymerizations of Sty and DMA with Azidofunc-
tionalized CTAs. An example RAFT polymerization procedure was
as follows. DMA (0.795 g, 8.00 mmol), CTA2 (29 mg, 0.081
mmol), trioxane (83 mg, 0.92 mmol), and DMF (1.0 mL) were
sealed in a 20 mL vial and purged with nitrogen for 30 min. A
concentrated and nitrogen-purged solution of AIBN (6.5 mg, 0.040
mmol) in DMF (0.1 mL) was added via syringe, and the reaction
vial was placed in a preheated reaction block at 70°C. Samples
were removed periodically by syringe to determine molecular
weight and polydispersity index by size exclusion chromatography
(SEC) and monomer conversion by1H NMR spectroscopy. The
polymerization was quenched after 41 h by freezing the polymer-
ization solution in liquid nitrogen and exposing to air. The resulting
poly(N,N-dimethylacrylamide) (PDMA, 94% conversion;Mn )
10 800 g/mol;Mw/Mn ) 1.30) was isolated by precipitating into
hexanes and drying under vacuum. Specific reaction conditions for
all polymerizations are given in Table 1.

Click Reactions of Azido CTAs and R-Azidoterminated
Polymers with Acetylene Species.The low-molecular-weight azido
CTAs and azidoterminated polymers were reacted with alkynes in
a manner analogous to the following example procedure. A solution

of R-azidoterminated polystyrene (PS;Mn ) 2960 g/mol; 0.236 g,
0.0797 mmol) in DMF (4.0 mL), propargyl alcohol (9.3µL, 0.16
mmol), and PMDETA (3.3µL, 0.016 mmol) was purged with
nitrogen and transferred via cannula to a vial containing CuBr (2.3
mg, 0.016 mmol) under a nitrogen environment. The reaction
mixture stirred at room temperature in the absence of oxygen for
24 h. The reaction mixture was exposed to air, and the solution
was passed through a column of neutral alumina. The polymer was
precipitated into hexanes and dried under vacuum. Reaction
conversion was 94%, as determined with1H NMR spectroscopy
by observing the disappearance of the methylene protons adjacent
to the azido group (N3-CH2CH2CH2-) at δ ≈ 3.4 ppm and the
appearance of the new methylene protons adjacent to the triazole
ring at δ ≈ 4.4 ppm (HO-CH2-triazole-CH2CH2CH2-) andδ
≈ 4.8 ppm (HO-CH2-triazole-CH2CH2CH2-). The low-molec-
ular-weight CTA products were reacted with equimolar alkyne-
containing species and isolated by evaporation of excess solvent.

Analyses.SEC was conducted in DMF at 50°C with a flow
rate of 1.0 mL/min (Viscotek GPC pump; columns: ViscoGel
I-series G3000 and G4000 mixed bed columns: molecular weight
range 0-60× 103 and 0-400× 103 g/mol, respectively). Detection
consisted of a Viscotek refractive index detector operating atλ )
660 nm, a Viscotek UV-vis detector operating atλ ) 254 nm,
and a Viscotek model 270 series platform, consisting of a laser
light scattering detector (operating at 3 mW,λ ) 670 nm with
detection angles of 7° and 90°) and a four-capillary viscometer.
Molecular weights were determined by conventional calibration
based on polystyrene standards or triple detection method.1H and
13C NMR spectroscopy was conducted in CDCl3 or DMSO-d6 with
a Bruker Avance 400 spectrometer operating at 400 and 100 MHz,
respectively. The sample was analyzed on a ThermoFinnigan CE
Elantech model Flash EA1112 elemental analyzer, which was
initially five-point calibrated against atropine, acetanilide, nicati-
namide, and cyclohexanone-2,4-dinitrophenylhydrazine. Samples
were run in duplicate or triplicate.

Results and Discussion

CTA Syntheses.The versatility and functional group toler-
ance of both RAFT and copper-catalyzed azide-alkyne coupling
facilitate the preparation of a wide range of diverse (co)polymers
with potentially useful terminal functionality. To this end, we
synthesized two novel azidofunctional RAFT CTAs by esteri-
fication of carboxyl-containing CTA precursors with 3-azi-
dopropanol. A trithiocarbonate CTA, DMP, was converted to
an acid chloride and reacted with 3-azidopropanol to yield CTA
1. Similarly, the dithioester, CTB, was functionalized by
carbodiimide-promoted esterification with 3-azidopropanol to
yield CTA 2. FTIR spectroscopy of the products revealed strong
absorbance bands at 1735 and 2098 cm-1 for the CdO stretch
and the NdNdN stretch, respectively. The1H NMR spectra
and peak assignments for the resulting azidofunctionalized CTAs
are given in Figure 1.

RAFT Polymerizations. Polymerizations of styrene and
DMA, mediated by RAFT CTAs1 and2, resulted inR-azid-
ofunctionalized polymers (Scheme 1). Because of the versatility
of RAFT, controlled polymerization of an acrylamido monomer
was successful. A range of polymerization conditions were used
to efficiently prepare well-defined polymers of predetermined
molecular weight (Table 1).

Pseudo-first-order rate plots and plots of molecular weight
versus conversion for styrene polymerizations mediated by
CTAs 1 and2 are shown in Figure 2. The relative linearity of
the kinetic plots (Figure 2A,D) is indicative of a constant
concentration of radicals throughout each polymerization. As
expected, faster rates of polymerization were observed with
increasing temperature. Ratios of [CTA]:[AIBN] were in the
range of 5:1 to 2:1. Higher concentrations of AIBN resulted in

Table 2. Block Copolymerizations of Styrene andN,N-
Dimethylacrylamide with r-Azido Macro Chain Transfer Agents

homopolymera
Mn

b

(g/mol) Mw/Mn
b block copolymer

Mn
c

(g/mol) Mw/Mn
c

N3-PS (1)d 5100 1.15 N3-PS-b-PDMA 14 200 1.17
N3-PS (2)e 6600 1.21 N3-PS-b-PDMA 10 800 1.24
N3-PDMA (1)f 3500 1.20 N3-PDMA-b-PS 10 720 1.27
N3-PDMA (2)g 9660 1.26 N3-PDMA-b-PS 12 000 1.26

a Homopolymer macro chain transfer agent (macroCTA) employed for
block copolymerization with [monomer]) 2 M in N,N-dimethylformamide
(DMF). The chain transfer agent (CTA) from which each homopolymer
was derived is given in parentheses after each polymer (1: 2-dodecylsul-
fanylthiocarbonylsulfanyl-2-methyl-propionic acid 3-azidopropyl ester;2:
4-cyano-4-methyl-4-thiobenzoylsulfanyl-butyric acid 3-azidopropyl ester).
b Determined by size exclusion chromatography (SEC) with the triple
detection method.c Determine by SEC with conventional calibration based
on polystyrene (PS) standards.d [N,N-Dimethylacrylamide (DMA)]:[PS-
macroCTA]:[ 2,2′-azobisisobutyronitrile (AIBN)]) 200:1:0.05;T ) 80
°C. e [DMA]:[PS-macroCTA]:[AIBN] ) 100:1:0.5;T ) 70 °C. f [Styrene]:
[poly(N,N-dimethylacrylamide macroCTA (PDMA-macroCTA)]:[AIBN])
200:1:0.5;T ) 80 °C. g [Styrene]:[PDMA-macroCTA]:[AIBN] ) 100:1:
0.5; T ) 70 °C.
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faster polymerizations with no observable deleterious effect on
molecular weight control. Molecular weights were in the range
of 5-12 × 103 g/mol, and as expected for a controlled
polymerization, narrow and unimodal molecular weight distribu-
tions (Mw/Mn < 1.25) were observed. As seen in Figure 2B,E,
all polymerizations of styrene mediated with CTAs1 and 2
resulted in a linear increase inMn with conversion, and the
correlation between theoretical and experimental values was
excellent throughout the conversion ranges. The traces for
polymerizationA (Table 1) are given in Figure 2C and those
for polymerizationE in Figure 2F. No evidence of bimodality
or termination products was observed, and elution volumes
shifted to lower values as a function of polymerization time,
which is a qualitative indication of increasing molecular weight
with monomer conversion. A small amount of low-molecular-
weight tailing in polymerizations with CTA2 is most likely
the result of background initiation resulting from the higher
concentration of AIBN.

Polymerization of the acrylamido monomer, DMA, was also
mediated by the azidofunctional RAFT CTAs1 and 2. A
significant advantage of RAFT is the ability to control poly-
merizations of most vinyl monomers. While ATRP has benefited
from significant advances that enable its application with
functional monomers, RAFT is generally considered most
attractive for controlling the polymerization of acrylamides. By
employing CTAs1 and 2, DMA was polymerized to yield
azidoterminated PDMA.

The polymerizations of DMA with CTAs1 and 2 were
similarly well-controlled (Figure 3). For instance, ratios of
[DMA]: [1]:[AIBN] ) 100:1:0.1 and 50:1:0.1 resulted in con-
versions of approximately 90% andMw/Mn < 1.13 in less than
1.5 h at 70°C. While ratios of [CTA]:[AIBN] ) 10:1 and 20:1
both led to the preparation of well-defined PDMA with CTA
1, the initiator concentrations for polymerizations mediated with
CTA 2 were increased, with [CTA]:[AIBN]) 2:1, in order to
impart sufficiently fast polymerization rates. RAFT polymeriza-

tions of acrylamido monomers mediated with dithioester CTAs
are generally slower than those mediated with trithiocarbonate
CTAs under a given general set of conditions.42-44 When the
ratio of [CTA]:[AIBN] was 20:1 with CTA 1, an inhibition
period of approximately 1 h was observed, after which controlled
polymerization occurred. For all cases, no significant reduction
in radical concentration was observed during the polymerizations
of DMA, despite the relatively high rates of polymerization.
Target molecular weight was controlled by varying the ratio of
[DMA]:[CTA], although in some cases, experimental values of
higher molecular weight polymers deviated slightly from theory
with CTA 1. Nevertheless, in all cases, the molecular weight
distributions were unimodal and molecular weight increased with
monomer conversion (Figure 3C,E).

To demonstrateω-chain end retention during polymerization,
block copolymers were prepared by chain extension with a
second monomer (Table 2). For example, N3-PS (Mn ) 5100
g/mol, Mw/Mn ) 1.15) prepared with CTA1 was employed as
macroCTA for polymerization of DMA with [DMA]:[PS-
macroCTA]:[AIBN] ) 200:1:0.05 at 80°C in DMF (Scheme
2). A conversion of 62% was obtained in 2 h, resulting in a
N3-PS-b-PDMA block copolymer withMn ) 14 200 g/mol and
Mw/Mn ) 1.17. SEC analysis of the product demonstrated high
CTA efficiency with no evidence of unreacted macroCTA
(Figure 4).

Click Reactions. Because of the efficiency and fidelity of
copper-catalyzed azide-alkyne coupling, azidofunctionalized
polymer end groups undergo facile modification with a variety
of acetylene species. We considered three specific alkynes as
models for preparing telechelics by this method. Reaction with
propargyl alcohol yields polymers withR-hydroxy groups that
could modify solubility or be utilized for further functionaliza-
tion. Clicking azidoterminal polymers with propargyl acrylate
or propargyl methacrylate leads to (meth)acryloyl macromono-
mers, as we previously reported.38 By capitalizing on the versa-
tility of RAFT using azidofunctionalized CTAs, we are now
able to employ click chemistry to prepare functional telechelics
from a wider range of monomers, including acrylamides.

The R-azidoterminated polymers prepared with either CTA
1 or 2 were dissolved in DMF or DMSO-d6 and reacted with
various propargyl species (R-CH2st) in the presence of CuBr
at room temperature. Although a ligand is not necessary for
sufficient solubility of the copper catalyst in DMF,45,46 PM-
DETA was employed to ensure enhanced reaction rates and
increased end group functionalization. After catalyst removal,
the resulting polymers were precipitated and dried under
vacuum. The extent of conversion of the terminal azido moieties
was monitored by1H NMR spectroscopy by observing the
disappearance of the methylene protons adjacent to the azido
group (N3-CH2CH2CH2-) at δ ≈ 3.4 ppm and the appearance
of the new methylene protons adjacent to the triazole ring atδ
≈ 4.4 ppm (R-CH2-triazole-CH2CH2CH2-) andδ ≈ 4.8-
5.2 ppm (R-CH2-triazole-CH2CH2CH2-) (Figure 5). The end
group click reactions were efficient, as evidenced by near-

Scheme 2. Reversible Addition-Fragmentation Chain Transfer Block Copolymerization of N,N-Dimethylacrylamide (DMA) with a
Polystyrene Macro Chain Transfer Agent (PS-macroCTA) ([DMA]:[PS-macroCTA]:[2,2′-Azobisisobutyronitrile] ) 200:1:0.05;T ) 80

°C)

DMF: N,N-Dimethylformamide.

Figure 4. Size exclusion chromatography traces of anR-azido
polystyrene (N3-PS) macro chain transfer agent (macroCTA) and the
resulting N3-PS-b-poly(N,N-dimethylacrylamide) after block copo-
lymerization withN,N-dimethylacrylamide (DMA) ([DMA]:[N3-PS-
macroCTA]:[ 2,2′-azobisisobutyronitrile]) 200:1:0.05 at 80°C in N,N-
dimethylformamide).
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quantitative functionalization (Table 3). For example, N3-PDMA
(Mn ) 4800 g/mol) prepared with CTA1 resulted in 96%
functionalization with propargyl methacrylate to yield the
correspondingR-methacryloyl macromonomer. N3-PS (Mn )
2960 g/mol) prepared with CTA2 was reacted with propargyl
alcohol to yield hydroxyterminated polymer with 94% end group
functionalization. General agreement between the molecular
weight of the clicked polymer obtained by SEC with that
calculated from1H NMR spectroscopy, using the signals
adjacent to the triazole functionality, confirms efficient coupling
and retention of the azido functionality during polymerization.

Azidofunctionalized CTAs1 and2 can similarly be modified
by coupling with acetylenes prior to polymerization, yielding a
plethora of available structures from a single thiocarbonylthio
compound. For example, CTAs1 and 2 were reacted with
propargyl alcohol to yield CTAs with 92% and>95% hydroxyl
functionality, respectively. Coupling CTA1 with propargyl
acrylate and propargyl methacrylate resulted in the preparation
of CTA-functional monomers that can subsequently be used to
prepare well-defined hyperbranched polymers. Whereas other
methods of CTA modification are limited because of potential

side reactions with the thiocarbonyl or other susceptible
moieties, the orthogonal nature of click chemistry facilitates
specific CTA functionalization in a highly efficient manner.

Conclusions

The particular combination of RAFT and click chemistry is
a promising strategy to synthesize functional telechelics due to
efficient postpolymerization modification afforded by CuI-
catalyzed azide-alkyne coupling. Two novel azido RAFT CTAs
were prepared and subsequently employed to mediate the
polymerizations of Sty and DMA under a variety of reaction
conditions. Characteristics of controlled polymerization were
observed, and the resulting homopolymers retained end group
functionality, as evidenced by the successful formation of block
copolymers. Coupling reactions of theR-azidoterminated poly-
mers and the azidofunctionalized CTAs with various acetylene
species proved a successful means to efficiently modify polymer
chain ends and low-molecular-weight CTAs.

Preparing end-functional polymers or functional CTAs by
modification via other reaction pathways could have limited
applicability due to potential side reactions with functional
groups contained along the polymer backbone or within the CTA
structure. However, the fidelity associated with click chemistry
facilitates employing this method to prepare macromonomers
and other telechelics from essentially any monomer polymer-
izable by RAFT.

Acknowledgment. We thank the Department of Chemistry,
Dedman College, and the University Research Council of
Southern Methodist University for their financial support.
Acknowledgment is made to the Donors of the American
Chemical Society Petroleum Research Fund for partial support
of this research. We are grateful to Noveon, Inc. for an initial
donation of the trithiocarbonate, DMP.

References and Notes

(1) Matyjaszewski, K.; Davis, T. P.Handbook of Radical Polymerization;
Wiley: New York, 2002.

(2) Hawker, C. J.; Bosman, A. W.; Harth, E.Chem. ReV. 2001, 101, 3661-
3688.

(3) Kamigaito, M.; Ando, T.; Sawamoto, M.Chem. ReV. 2001, 101, 3689-
3745.

(4) Kato, M.; Kamigaito, M.; Sawamoto, M.; Higashimura, T.Macro-
molecules1995, 28, 1721-1723.

(5) Matyjaszewski, K.; Xia, J.Chem. ReV. 2001, 101, 2921-2990.
(6) Wang, J.-S.; Matyjaszewski, K.J. Am. Chem. Soc.1995, 117, 5614-

5615.
(7) Charmot, D.; Corpart, P.; Adam, H.; Zard, S. Z.; Biadatti, T.; Bouhadir,

G. Macromol. Symp.2000, 150, 23-32.
(8) Chiefari, J.; Chong, Y. K.; Ercole, F.; Krstina, J.; Jeffery, J.; Le, T. P.

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

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

(10) Perrier, S.; Takolpuckdee, P.J. Polym. Sci., Part A: Polym. Chem.
2005, 43, 5347-5393.

(11) Coessens, V.; Pintauer, T.; Matyjaszewski, K.Prog. Polym. Sci.2001,
26, 337-377.

(12) Schulz, D. N.; Patil, A. O.ACS Symp. Ser.1998, 704, 1-14.
(13) Scales, C. W.; Convertine, A. J.; McCormick, C. L.Biomacromolecules

2006, 7, 1389-1392.
(14) Mantovani, G.; Ladmiral, V.; Tao, L.; Haddleton, D. M.Chem.

Commun.2005, 2089-2091.
(15) Bontempo, D.; Li, R. C.; Ly, T.; Brubaker, C. E.; Maynard, H. D.

Chem. Commun.2005, 4702-4704.
(16) Bontempo, D.; Heredia, K. L.; Fish, B. A.; Maynard, H. D.J. Am.

Chem. Soc.2004, 126, 15372-15373.
(17) Sumerlin, B. S.; Lowe, A. B.; Stroud, P. A.; Zhang, P.; Urban, M.

W.; McCormick, C. L.Langmuir2003, 19, 5559-5562.
(18) Lowe, A. B.; Sumerlin, B. S.; Donovan, M. S.; McCormick, C. L.J.

Am. Chem. Soc.2002, 124, 11562-11563.

Figure 5. 1H NMR spectra and peak assignments for (A) polystyrene
(PSty) prepared with 4-cyano-4-methyl-4-thiobenzoylsulfanyl-butyric
acid 3-azidopropyl ester (CTA2) and (B) the product after coupling
with propargyl alcohol.

Table 3. Azide-Alkyne Coupling Reactions between
r-Azidoterminated Polymers and Azido Chain Transfer Agents

reactiona
convb

(%)

N3-PDMA (1) + PgMA >95
N3-PS (2) + PgOH 94
1 + PgMA 92
1 + PgA 84
1 + PgOH 92
2 + PgOH 95

a PgMA: propargyl methacrylate; PgA: propargyl acrylate; PgOH:
propargyl alcohol.b Determined by1H NMR spectroscopy.1: 2-dodecyl-
sulfanylthiocarbonylsulfanyl-2-methyl-propionic acid 3-azidopropyl ester;
2: 4-cyano-4-methyl-4-thiobenzoylsulfanyl-butyric acid 3-azidopropyl ester.
Reactions of polymers were conducted at room temperature for 24 h in
N,N-dimethylformamide (DMF) with 0.02 M-N3, propargyl species (2.0
equiv), CuBr (0.2 equiv),N,N,N′,N′′,N′-pentamethyldiethylenetriamine (0.2
equiv). Reactions of low-molecular-weight chain transfer agents were
conducted in a similar manner with an equimolar amount of propargyl
species.

480 Gondi et al. Macromolecules, Vol. 40, No. 3, 2007



(19) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B.Angew.
Chem., Int. Ed.2002, 41, 2596-2599.

(20) Tornoe, C. W.; Christensen, C.; Meldal, M.J. Org. Chem.2002, 67,
3057-3064.

(21) Kolb, H. C.; Finn, M. G.; Sharpless, K. B.Angew. Chem., Int. Ed.
2001, 40, 2004-2021.

(22) Joralemon, M. J.; O’Reilly, R. K.; Hawker, C. J.; Wooley, K. L.J.
Am. Chem. Soc.2005, 127, 16892-16899.

(23) O’Reilly, R. K.; Joralemon, M. J.; Wooley, K. L.; Hawker, C. J.Chem.
Mater. 2005, 17, 5976-5988.

(24) Wu, P.; Malkoch, M.; Hunt, J. N.; Vestberg, R.; Kaltgrad, E.; Finn,
M. G.; Fokin, V. V.; Sharpless, K. B.; Hawker, C. J.Chem. Commun.
2005, 5775-5777.

(25) Riva, R.; Schmeits, S.; Stoffelbach, F.; Jerome, C.; Jerome, R.;
Lecomte, P.Chem. Commun.2005, 5334-5336.

(26) van Steenis, D. J. V. C.; David, O. R. P.; van Strijdonck, G. P. F.;
van Maarseveen, J. H.; Reek, J. N. H.Chem. Commun.2005, 4333-
4335.

(27) Parrish, B.; Breitenkamp, R. B.; Emrick, T.J. Am. Chem. Soc.2005,
127, 7404-7410.

(28) Diaz, D. D.; Punna, S.; Holzer, P.; McPherson, A. K.; Sharpless, K.
B.; Fokin, V. V.; Finn, M. G.J. Polym. Sci., Part A: Polym. Chem.
2004, 42, 4392-4403.

(29) Tsarevsky, N. V.; Bernaerts, K. V.; Dufour, B.; Du, Prez, F. E.;
Matyjaszewski, K.Macromolecules2004, 37, 9308-9313.

(30) Opsteen, J. A.; van Hest, J. C. M.Chem. Commun.2005, 57-59.
(31) Lutz, J. F.; Borner, H. G.; Weichenhan, K.Macromol. Rapid Commun.

2005, 26, 514-518.
(32) Tsarevsky, N. V.; Sumerlin, B. S.; Matyjaszewski, K.Macromolecules

2005, 38, 3558-3561.

(33) Sumerlin, B. S.; Tsarevsky, N. V.; Louche, G.; Lee, R. Y.; Matyjas-
zewski, K.Macromolecules2005, 38, 7540-7545.

(34) Gao, H.; Louche, G.; Sumerlin, B. S.; Jahed, N.; Golas, P.; Matyjas-
zewski, K.Macromolecules2005, 38, 8979-8982.

(35) Laurent, B. A.; Grayson, S. M.J. Am. Chem. Soc.2006, 128, 4238-
4239.

(36) Johnson, J. A.; Lewis, D. R.; Diaz, D. D.; Finn, M. G.; Koberstein, J.
T.; Turro, N. J.J. Am. Chem. Soc.2006, 128, 6564-6565.

(37) Ladmiral, V.; Mantovani, G.; Clarkson, G. J.; Cauet, S.; Irwin, J. L.;
Haddleton, D. M.J. Am. Chem. Soc.2006, 128, 4823-4830.

(38) Vogt, A. P.; Sumerlin, B. S.Macromolecules2006, 39, 5286-5292.
(39) O’Reilly, R. K.; Joralemon, M. J.; Hawker, C. J.; Wooley, K. L.

Chem.sEur. J. 2006, 12, 6776-6786.
(40) O’Reilly, R. K.; Joralemon, M. J.; Hawker, C. J.; Wooley, K. L.J.

Polym. Sci., Part A: Polym. Chem.2006, 44, 5203-5217.
(41) Thang, S. H.; Chong, B.; Mayadunne, R. T. A.; Moad, G.; Rizzardo,

E. Tetrahedron Lett.1999, 40, 2435-2438.
(42) Convertine, A. J.; Lokitz, B. S.; Lowe, A. B.; Scales, C.; Myrick, L.

J.; McCormick, C. L.Macromol. Rapid Commun.2005, 26, 791-
795.

(43) Donovan, M. S.; Lowe, A. B.; Sumerlin, B. S.; McCormick, C. L.
Macromolecules2002, 35, 4123.

(44) Lai, J. T.; Filla, D.; Shea, R.Macromolecules2002, 35, 6754-6756.
(45) Chan, T. R.; Hilgraf, R.; Sharpless, K. B.; Fokin, V. V.Org. Lett.

2004, 6, 2853-2855.
(46) Golas, P. L.; Tsarevsky, N. V.; Sumerlin, B. S.; Matyjaszewski, K.

Macromolecules2006, 39, 6451-6457.

MA061959V

Macromolecules, Vol. 40, No. 3, 2007 Telechelics via RAFT Polymerization and Click Chemistry481


