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This study is aimed at atom transfer radical polymerization (ATRP) of methyl methacrylate
(MMA) using a novel catalyst. The bis-(2-dodecylsulfanyl-ethyl)-amine (SNS) tridentate ligand
with mixed donor atoms was synthesized in high purity using inexpensive reagents and was reacted
with copper(I) bromide to produce the CuBr/SNS catalyst. The catalyst mediated living polymer-
ization of MMA yielding polymers with controlled molecular masses and narrow molecular mass
distributions (PDI < 1.25). Also, the kinetic plot exhibited a linear increase of In([M]o/[M]) ver-
sus time, indicating constant concentration of propagating radicals during the polymerization. The
products were characterized by *H NMR, *C NMR, FT-IR, UV-VIS, GC and elemental analyses

(CHNS) and by GPC.
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Introduction

Atom transfer radical polymerization (ATRP) has
been a subject of intense research since its discovery
by Kato et al. (1995) due to its capability to con-
trol polymer design and its general applicability to
a wide range of monomers and broad experimental
conditions. The fundamental concept of ATRP is the
reversible formation of a radical by the transfer of a
halogen from an alkyl halide to a transition metal cat-
alyst (Fig. 1). ATRP largely depends on the appropri-
ate equilibrium and dynamics of the reversible forma-
tion of a radical; for example the activation (k.ct) and
deactivation (Kqeact) processes (Fischer, 2001).

One of the main constituents for the determina-
tion of the described equilibrium and the dynamics
in ATRP is the catalyst prepared from a transition
metal and complexing ligands. The study of catalysts
has been carried out to develop new ATRP catalysts
and understand their catalytic activities using various

*Corresponding author, e-mail: ahmadi@znu.ac.ir

combinations of transition metals and ligands. Up to
now, many transition metals such as Ti (Kabachii et
al., 2003), Mo (Le Grognec et al., 2001), Ru (Haas et
al., 2006), Ni (Duquesne et al., 2004), Fe (Zhu et al.,
2011) and Cu (Sarbu & Matyjaszewski, 2001; Xu et
al., 2004; Lee et al., 2005; Pintauer & Matyjaszewski,
2009; Lu et al., 2010) have been successfully used in
ATRP of methyl methacrylates (Tang et al., 2006;
Cheng et al., 2013), styrenes (Rusen & Mocanu, 2013),
acrylates (Datta et al., 2006), acrylonitriles (Chen et
al., 2009) and acrylamides (Wever et al., 2012). How-
ever, copper is widely used and intensively studied
as copper based ATRP catalysts are found superior
in terms of activity, adaptability and cost (Tang et
al., 2006). Also, different ligands have been employed
in copper based systems, including bipyridines (Per-
rier et al., 2001), terpyridines (Tzanetos et al., 2005),
pyridineimines (Goodwin et al., 2004), linear amines
(Acar et al., 2006) and branched amines (Tang &
Matyjaszewski, 2006). Although ligands with nitrogen
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Fig. 1. Proposed mechanism for ATRP with the CuBr/SNS catalyst.
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Fig. 2. General method of bis-(2-dodecylsulfanyl-ethyl)-amine (SNS) ligand preparation.

have been extensively studied as ATRP catalysts, cop-
per complexes with sulfur, phosphorous and oxygen
ligands or ligands with mixed donor atoms have been
comparatively uncharted as ATRP catalyst systems
(Cho et al., 2006). Ligands with mixed donor atoms (N
and S) can possess higher catalytic activity. Such com-
plexes are interesting because they are sufficiently sta-
ble in the presence of acids and therefore can be used
to mediate the ATRP of acidic monomers. Polymer-
ization with mixed donors ligands showed both rate
enhancement and better control over the molecular
masses under similar experimental conditions (Fetzer
et al., 2012).

Synthesis of different SNS ligands used in ethylene
trimerization has been previously reported (Ahmadi
et al., 2011). However, a study on the ATRP of MMA
using the novel CuBr/SNS catalyst prepared for the
first time is presented here (Fig. 1). In addition, the
improvement of the polymerization control by choos-
ing appropriate ligand systems and experimental pro-
cedures is demonstrated.

Experimental

All experiments were performed under nitrogen
atmosphere in a glovebox or using Schlenk tech-
niques. Ethyl 2-bromoisobutyrate (EBIB, ethyl 2-
bromo-2-methylpropanoate), bis(2-chloroethyl)amine
hydrochloride,  1-dodecanethiol, tetrahydrofuran
(THF), NaOH, acetone, ethanol and methanol were
purchased from Merck (Germany) and used as re-
ceived. CuBr was purchased from Aldrich (USA) and
purified according to literature (Matyjaszewski et al.,
1997). Methyl methacrylate (MMA) was obtained
from Merck (Germany) and distilled over CaHy before
use. Hexane and diethylether (Merck, Germany) were
refluxed over sodium with benzophenone as the indi-
cator and distilled under nitrogen atmosphere prior to
use.

'H NMR and '3C NMR spectroscopy were recor-
ded on a Brucker Advance DPX-400 MHZ instru-
ments(Germany) at room temperature in CDCls as
the solvent and tetramethylsilane (TMS) as the in-
ternal standard. FT-IR spectra (in KBr pellet) were
obtained on a Shimadzu IR-460 instrument (Kyoto,
Japan). UV-VIS spectra were recorded using a Shi-
madzu UV-1650PC UV-VIS spectrophotometer (Ky-
oto, Japan). Elemental analysis was performed by a
CHNS analyzer system (Elemental, model Vario EL
ITI, Germany). The molecular mass and molecular
mass distributions were determined by gel permeation
chromatography (GPC) using an Agilent 1100 PS-
calibrated with a refractive index detector and a 10%
A, 10° A and 500 A set of PL gel (10 pm) columns
(USA). THF was used as the eluent at the flow rate
of 1.0 mL min~! at 25°C. Conversion of the monomer
was determined using an Agilent 6890 gas chromato-
graph (GC) (USA) equipped with a FID detector us-
ing an HP-5 column (length of 30 m, i.d. of 0.25 mm,
and film thickness of 0.25 pm). The temperature pro-
gram was set to heating from 50°C to 140°C at 30
K min~! and from 140°C to 300°C at 40 K min—! un-
der constant pressure with constant inlet and detector
temperatures of 310°C.

Preparation of the bis-(2-dodecylsulfanyl-
ethyl)-amine (SNS) ligand

A solution of NaOH (25 mmol) and dodecanethiol
(25 mmol) in ethanol (25 mL) was added to a solution
of bis(2-chloroethyl)amine hydrochloride (8.33 mmol)
in ethanol (16 mL) at 0°C. The solution was stirred
for 2 h at 0°C and then for another 16 hour at
ambient temperature (Fig. 2). Then, it was filtered
and evaporated to dryness using a rotary evaporator.
The residue was taken up with dry hexane and di-
ethylether, respectively. Finally, the solvent was evap-
orated under vacuum. Spectral data of the SNS com-
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Table 1. Characterization data of prepared compounds

Compound Appearence

SNS

Colorless oil

CuBr/SNS Green powder

PMMA  White solid

Spectral data

IR, 7/cm~1: 720, 736, 885, 1023, 1050, 1120, 1160, 1260, 1376, 1463, 1550-1680, 2850, 2940, 3296
1H NMR (CDCls, 400 MHz), §: 0.86 (6 H, t, CHs), 1.25-1.31 (36 H, m, SC2H4CoH15CHs),
1.35 (1H, broad, NH), 1.56 (4H7 qn, SCHQCHQClngl), 2.52 (4H, t, SCHQClngg)7 2.69 (4H, t,
SCHQCHQNH)7 2.86 (4H, t, SCHQCHQNH)

13C NMR (CDCls, 400 MHz), §: 14.9 (CHs), 23.5 (CH2CHs), 29.3-31.0 (SC2H4C7H14C3H7), 32.6-
33.1 (SC2H4C10H21), 40.0 (SCH2CH2NH), 48.9 (SCH2CH2NH)

UV-VIS, Amax/nm: 215

Elemental analysis: calculated (found), w;/mass %: C 70.96 (69.35), H 12.55 (12.15), N 2.96 (3.12),
S 13.53 (15.56)

IR, 7/cm™1: 718, 744, 898, 1023, 1060, 1180, 1190, 1290, 1376, 1463, 1540-1670, 2850, 2940, 3230
'H NMR (CDClz, 400 MHz), §: 0.87 (6 H, CHs), 1.26 (36 H, SC2H4C9oH15CH3), 1.62 (4H,
SCHQCHzclonl), 2.67 (4H7 SCH2C11H23), 3.16 (4H, SCHQCHQNH), 4.08 (4H,SCH2CH2NH)7
9.00-9.30 (1H, broad, NH)

13C NMR (CDCl3, 400 MHz), &: 14.95 (CHs), 23.51 (CH2CHs), 29.35-31.02 (SC2H4C7H14C3Hy),
32.65-33.19 (SC2H4C10Ha1), 40.03 (SCH2CHoNH), 48.99 (SCH2 CH2NH)

UV-VIS, Amax/nm: 245, 300-450

Elemental analysis: calculated (found), w;/mass %: C 54.47 (54.39), H 9.63 (9.58), N 2.27 (2.25), S
10.39 (10.44), Cu 10.29 (10.36)

IR, 7/cm™!: 900-960, 1000-1260, 1395-1450, 1700, 3100-2900
'H NMR (CDCl3, 400 MHz), §: 0.8-1.3 (CHs), 1.8-2.1 (CHz), 3.6 (OCHgz), 3.8 (OCH2CHs)
13C NMR (CDCls, 400 MHz), §: 16-22 (CH3), 44-45 (quaternary carbon), 50.81 (CBr), 52 (OCHs),

51-55 (CHy), 175-180 (CO)
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Fig. 3. Preparation of the CuBr/SNS catalyst.

pound are summarized in Table 1.
Preparation of the CuBr/SNS catalyst

The CuBr/SNS catalyst was prepared accorrding
to the following method: 0.384 g of SNS (0.81 mmol)
was added to 20 mL of dry hexane. The resulting color-
less homogeneous solution was stirred at ambient tem-
perature for 5 min under nitrogen atmosphere. Then,
0.116 g of CuBr (0.81 mmol) was added to the re-
action flask and the reaction mixture was stirred at
ambient temperature for 24 h under nitrogen atmo-
sphere (Fig. 3). The solid product was recovered and
washed with 100 mL of diethylether. The light green
powder was dried under vacuum at ambient temper-
ature and stored under dry nitrogen in a glovebox.
Spectral data of the CuBr/SNS compound are sum-
marized in Table 1.

Polymerization of MMA

A typical polymerization process was run as fol-
lows: MMA (20 mL, 188 mmol) was transferred into
a deoxygenated Schlenk flask via syringes. After two
freeze-pump-thaw cycles, SNS (0.128 g, 0.268 mmol),
CuBr (0.039 g, 0.268 mmol) and EBIB (40 pL,
0.255 mmol) were added to the Schlenk flask. After
three more freeze-pump-thaw cycles, the Schlenk flask
was placed in an oil bath thermostatted at 90°C. At
given time intervals, 0.90 mL aliquots of the polymer-
ization solution were taken and diluted in THF for
GC analysis and filtered through a short alumina col-
umn to remove catalyst for the GPC analysis. The
conversion of MMA was followed by GC, and molecu-
lar masses and molecular mass distributions were de-
termined by GPC. Spectral data of the PMMA com-
pound are summarized in Table 1.
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Results and discussion
Ligand and catalyst characterization

FT-IR spectrum of the SNS ligand was compared
with that of CuBr/SNS in order to determine the coor-
dination sites involved in chelation. There were some
guide peaks in the spectrum of the lignad which were
helpful in achieving this goal. Positions of these peaks
are expected to change upon chelation. A compar-
sion showed that the v(C—N) stretching vibrations
in SNS at 1300 cm™! [¢(CS) + v(CN)], 1260 cm™*!
and 1120 cm ™! were shifted to 1290 ecm~*, 1190 cm ™!
and 1118 cm~! in CuBr/SNS, respectively. Participa-
tion of the N—H group in chelation is derived from the
shift of the v(N—Hgtreten) vibration from 3296 cm™1!
to 3220 cm™! in the spectrum of the catalyst. This
band was shifted to lower wave-numbers in the cat-
alyst spectrum, indicating the participation of nitro-
gen in the coordination of (Cu—N). Other vibrations
were not useful since they displayed very weak bands
in both the SNS and the CuBr/SNS spectra.

SNS ligands before and after the complexation
with copper(I) bromide were compared using UV-VIS.
The SNS ligand showed one band at 215 nm that
can be attributed to the intramolecular ligand charge
transfer (ILCT). CuBr had two broad d—d absorption
bands at 230-400 nm and 650-800 nm, indicating a
trace amount of Cu(II) due to the oxidation of CuBr.

After the complexation of CuBr with the SNS
ligand, the ILCT transition shifted from 215 nm to
245 nm. The metal to ligand charge transfer band
(MLCT) (Eisenbach & Schubert, 1993; Shaw et al.,
2007) for the CuBr/SNS catalyst appeared between
300-450 nm, which is consistent with the Cu(I) oxi-
dation state. UV spectroscopy confirmed the mononu-
clear copper(I) complex and the strong coordination
between copper and the SNS ligand.

'H NMR spectrum of the SNS ligand was markedly
different from that of the CuBr/SNS catalyst. Proton
resonance of the SNS ligand was shifted in the cat-
alyst, but the most significant changes occurred for
the N—H, NHCH,, SCH,CH;NH and SCH;Cq1Hos
signals, which were shifted from 1.35 ppm, 2.86 ppm,
2.69 ppm, 2.52 ppm to 9.15 ppm, 4.08 ppm, 3.16 ppm
and 2.67 ppm, respectively. So, the 'H NMR results
showed shorter Cu—N interatomic distances than the
Cu—S ones because of the bigger anisotropic effect of
copper on the chemical shift of NHCHy than on that
of SCHyCH,5NH. These data are in accordance with
the assumptions for the formation of Cu—S and Cu—
N bonds. In addition, **C NMR spectra of SNS and
CuBr/SNS showed a very slight chemical shift.

Also, elemental analysis (CHNS) was used to de-
termine the molecular formula of the catalyst. The
elemental analysis data suggested the catalyst molec-
ular formula of ML (where M = metal, L = SNS) with
the metal to ligand ratio of 1 : 1.
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Polymer characterization

FT-IR data of PMMA indicate the details of func-
tional groups present in the synthesized PMMA. A
sharp intense peak at 1700 cm ™! appeared due to the
presence of an ester carbonyl group stretching vibra-
tion. The broad peak ranging form 1000-1260 cm !
can be ascribed to the C—O (ester bond) stretch-
ing vibration. The broad peak ranging form 3100-
2900 cm ™! is due to the presence of the C—H aliphatic
stretching vibration.

'H NMR spectrum of PMMA showed four signals
at § 0.8-1.3, 1.8-2.1, 3.6 and 3.8, which were related
to the a-CHs, CHs, OCHs and OCH;CHg of the ini-
tiator, respectively. Also, mole fractions of rr (syndio-
tactic), rm (atactic) and mm (isotactic) were calcu-
lated. According to the 'H NMR spectral data, syndio-
tactic, atactic and isotactic percents of PMMA were
57 %, 37.3 % and 5.7 %, respectively. In addition, 13C
NMR spectrum was used to assign PMMA. The initia-
tor, monomer units and the end group were identified
and the most important recognition was related to the
quaternary carbon of the C—Br unit as this showed
that the polymerization process is alive. The 13C NMR
spectrum showed the C—Br band at ¢ 50.81.

Polymerization of MMA was carried out by means
of CuBr/SNS as the catalyst at 90°C. The catalyst was
fully soluble in the polymerization solution. Solubility
of the catalyst in ATRP is significant in polymeriza-
tion control as the deactivator, here the Cu(II) com-
plex, should be suitably soluble to provide appropri-
ate rate of deactivation (Matyjaszewski et al., 1997).
To improve the solubility of the catalyst, the intro-
duction of a long alkyl chain to the ligand has been
considered and it led to an improvement of polymer-
ization control, particularly in lowering the molecular
mass distribution (PDI) (Matyjaszewski et al., 1997).
In our study, the long alkyl chain of SNS increased
the activation rate by the electron donating effect, as
discussed later, which significantly improved the cat-
alyst solubility. Kinetic data of the MMA polymeriza-
tion and the dependence of conversion, In([M]o/[M]),
on time are shown in Fig. 4. The conversion increased
smoothly with the increasing reaction time, and con-
versions higher than 70 % were obtained within about
70 min. The linear relationship between In([M]o/[M])
and the reaction time showed that the polymerization
follows the first-order kinetic law and the concentra-
tion of propagating radicals during the polymerization
was nearly constant (Fig. 4). However, since termi-
nation occurs continuously, the concentration of the
Cu(II) species increases and deviations from linearity
can be detected (Matyjaszewski & Xia, 2001).

Fig. 5 and Table 2 show the relationship of molec-
ular mass (M, ), polydispersity index (PDI), monomer
conversion and different reaction times. The molecu-
lar mass (M,) of PMMA increased linearly with the
monomer conversion, indicating the controlled char-
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Table 2. Atom transfer radical polymerization of MMA at 90°C using CuBr/SNS as the catalyst

Time Conversion
Entry
min %
1 10 53
2 20 56
3 30 61
80 1.6
§ 7 i 1.4 _
o - 12 =
26 =
] ] -=
O L 0.8 £
40 T T T T T 0.6

10 20 30 40 50 60 70
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Fig. 4. First-order kinetic plots of MMA using the CuBr/SNS
catalyst; monomer conversion (@) and In([M]o/[M])

(A) vs. time.
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Fig. 5. GPC traces of MMA polymerization using CuBr/SNS
as the catalyst at different reaction times.

acter of the polymerization. In addition, the relatively
low PDI (< 1.25) and its decrease with the conversion
are further proofs of the controlled character of the re-
action (Table 2). Thus well-controlled polymerization
of MMA with CuBr/SNS was achieved. It is worth to
note that the GPC chromatograms in Fig. 5 show con-
siderable tailing in the low molecular region, suggest-
ing continuous termination of the growth of polymeric
radicals during the polymerization.

Conclusions

Catalytic activity in copper-mediated ATRP of
MMA using SNS, a new tridentate ligand with mixed
donor atoms, was studied. Polymerization of MMA
with the new catalyst reached high conversion, yield-

My, My Mw/Mn
Da -
115020 91449 1.25
122030 101160 1.20
128340 108730 1.18

ing polymers with controlled molecular mass and low
polydispersity (PDI < 1.25). Ligand, catalyst and
the obtained polymers were correctly assigned by the
NMR, FT-IR, UV-VIS, GC, CHNS analyses as well
as by GPC. Overall, this experiment was successfully
performed using a novel catalyst based on a copper
complex for atom transfer radical polymerization of
methyl methacrylate for the first time.
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