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ABSTRACT: Atom transfer radical polymerization has
been a very useful method in the recent advances in con-
trolled radical polymerization. It needs an activated alkyl
halide as an initiator and a copper halide as a catalyst. This
investigation reports the successful application of copper
thiocyanate, a catalyst with a pseudohalide anion, in the
presence of different ligands such as N,N,N=,N",N",N"-
hexamethyltriethylenetetramine (HMTETA), pentyl-2-pyri-
dylmethaneimine, and substituted bipyridine in the atom

transfer radical polymerization of styrene. Among the three
ligands used, HMTETA was found to be very efficient. The
polymers were characterized with '>C-NMR, matrix-as-
sisted laser desorption/ionization time-of-flight mass spec-
trometry, and gel permeation chromatography analysis.
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INTRODUCTION

Living polymerization techniques are unique methods
to produce well-defined homopolymers, block copol-
ymers, gradient copolymers, and polymers with well-
defined topology.'™* Free-radical polymerization is a
powerful synthetic tool because of its robust character,
and it can be applied to a variety of monomers over a
wide range of temperatures.” Conventional free-radi-
cal polymerization does not allow accurate control
over the molecular weight and molecular weight dis-
tribution. Until 1990, controlled radical polymeriza-
tion was limited to the iniferter concept®” but with
limited success. Free-radical polymerizations can
never be truly living because these processes are al-
ways accompanied by bimolecular termination and
chain-transfer reactions.*” Controlled radical poly-
merization can be achieved by a dynamic equilibrium
being maintained between the transient (propagating)
radicals and the dormant species via reversible deac-
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tivation.*> This process can be achieved by several
recent techniques, including stable free-radical pro-
cesses®™? (e.g., nitroxide-mediated), various organo-
metallic derivatives,'' transition-metal-catalyzed atom
transfer radical polymerization (ATRP),*'*'® and
thiocarbonylthio-compound-mediated reversible ad-
dition-fragmentation chain transfer (RAFT).'”'®
ATRP usually requires an alkyl halide (R—X) as an
initiator and a transition-metal complex [e.g., Cu(])-
based] as a catalyst or activator. ATRP involves a fast
initiation by the initiator, catalyzed by the Cu(I) com-
plex, followed by propagation and frequent reversible
deactivation of a propagating chain radical by repeti-
tive transfer of halogen or pseudohalogen atoms from
and to the transition-metal catalyst* (Scheme 1).
Styrene is a widely used monomer, and advances in
the different methods for the polymerization of sty-
rene were reviewed by Priddy.” The controlled radical
polymerization of styrene has been reported with sta-
ble free-radical mediated polymerization,*®~'°
RAFT,”'® and ATRP.*'>'*1°722 In ATRP, transition-
metal complexes based on transition-metal halides
such as Cu, Fe, Ni, and Ru in their lower oxidation
state have been used for the polymerization of styrene.
The goal of this article is to report the successful
application of a copper catalyst with a pseudohalide
anion (—SCN) as an ATRP catalyst for the polymer-
ization of styrene. Polymers end-capped with —SCN
groups may have interesting applications, as —SCN is
a versatile functionality susceptible to several chemi-
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cal transformations. Recently, we successfully carried
out the ATRP of methyl methacrylate (MMA), using
copper thiocyanate (CuSCN) as the catalyst.”

EXPERIMENTAL
Materials

Styrene (Aldrich) was passed through an inhibitor
removal (Aldrich) column to remove the inhibitor (4-
tert-butylcatechol) and then was purified via vacuum
distillation. The initiator, 1-phenyl-ethylbromide
(PEBr), from Aldrich was used as received. N-n-Pen-
tyl-2-pyridylmethaneimine (NPPI) was prepared by
the condensation of n-pentylamine with 2-pyridine
carboxaldehyde (Aldrich).?®> N,N,N',N",N" N"-Hexa-
methyltriethylenetetramine (HMTETA; Aldrich) and
4,4'-dinonyl-2,2'-bipyridine (dNbpy; Aldrich) were
used as received. The catalyst CuSCN (99%), obtained
from Aldrich, was used as received.

Polymerization

Styrene (10.0 g), p-xylene (10.0 g), butyl acetate (0.40 g;
used as an internal standard for gas chromatography),
the required amount of ligands (i.e., NPPI and
HMTETA), and PEBr were added to a 100-mL, three-
necked, round-bottom flask. The flask was equipped
with a condenser in one neck and a silicon septum in
the other. The mixture was purged with argon for 15
min. After the addition of the calculated amount of the
catalyst CuSCN, the flask was kept in vacuo and back-
filled with argon by three freeze-pump-thaw cycles.
Polymerization was carried out at 110°C.

Characterization

The monomer conversion was determined from the
concentration of the residual styrene monomer with a
Hewlett-Packard HP 5890 gas chromatograph. The
gas chromatograph was equipped with an AT-Wax
capillary column (30 m X 0.53 mm, i.d. = 10 um).
The molecular weight distributions of polystyrene
(PS) were measured with size exclusion chromatogra-
phy (SEC). SEC was performed in tetrahydrofuran
(THF) at the ambient temperature at a flow rate of 1.0
mL/min. The Waters gel permeation chromatography
(GPC) instrument was equipped with a Waters model
510 pump, a model 410 refractive-index detector, and
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a model 486 UV detector. A set of two linear columns
(mixed-C, Polymer Laboratories) was used for the SEC
analysis of the PS samples. Calibration was carried out
with narrow-polydispersity PS standards. Data acqui-
sition and processing were performed with Waters
Millennium 32 software.

13C-NMR was recorded in the solvent CDCl, with a
Varian 400-MHZ NMR machine. Matrix-assisted laser
desorption/ionization time-of-flight mass spectrome-
try (MALDI-TOF MS) analysis was carried out in a
Voyager DE-PRO (Perceptive Biosystems, MA). Solu-
tions of 40 mg of dithranol/mL, 5 mg of silver triflu-
oroacetate/mL, and 1 mg of polymer/mL in THF
were prepared. The respective solutions were mixed
in a 5:1:5 ratio on a volume basis. Enough of the
mixture was applied to the sample position to cover
the 2.5-mm-diameter sample position (typically 0.3
pnL). The spot was allowed to air-dry without any
assistance.

RESULTS AND DISCUSSION

Thiocyanate was used as the pseudohalogen anion for
the copper catalyst for the ATRP of styrene. Styrene
was polymerized at 110°C with PEBr as an initiator in
conjunction with CuSCN as a catalyst. NPPI was used
as a ligand for CuSCN. The complexation of CuSCN
with NPPI was observed to result in a deep brown
solution, which indicated the presence of the Cu(l)
complex. Figure 1 shows a linear increase in the log-
arithmic conversion with the polymerization time.
There was some induction period in the polymeriza-
tion. The reason for the induction period is not fully
understood. However, CuSCN took some time to dis-
solve completely in styrene. An approximately 60%
conversion was obtained in 6 h.

Figure 2 shows that the molecular weight of PS
increased linearly with the monomer conversion. The
number-average molecular weight (M,) of PS ob-
tained from GPC was slightly higher than the theoret-
ical number-average molecular weight [M,, ,; [defined
as M, 4, = (A[styrene] /[PEBr],) X molecular weight of
styrene]. The polydispersity indices (PDIs) were
around 1.6, and this could suggest that the exchange
between the active and dormant species was relatively
slow. On the basis of the general mechanism of ATRP,
ATRP of styrene using the PEBr/Cu-catalyst system is
represented in Scheme 2.

Because of the soft-hard acid—base principle, Cu(I)
will tend to form a bond with the sulfur atom of the
—SCN group,** as S is the weak base site in —SCN.
According to the spectrochemical series,” the strength
of the ligand —SCN is higher than that of —Br. There-
fore, the rate of deactivation (kge,.;) of CuBr, (if CuBr
is used instead of CuSCN in Scheme 2) is higher than
kgeact of Cu(Br)(SCN). In the case of the CuBr system,
a relatively narrow polydispersity polymer is ob-
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Figure 1 (@) Plots of the conversion versus the time and (O) a semilogarithmic kinetic plot for the solution ATRP of styrene
in p-xylene at 110°C with PEBr as an initiator and NPPI as a ligand ([styrene], = 5.37M, [NPPI] = 0.107M, [PEBr] = 0.043M,

[CuSCN)] = 0.043M).

tained.” In a CuSCN catalyzed system, it is likely that
more monomers are added per activation—deactiva-
tion cycle because of slower deactivation. Especially at
low chain lengths, this will lead to a broadening of the
molar mass distribution.

Ligands play an important role in ATRP.*® They
influence the solubility, electronic environment, and
redox potential of the catalysts. Multidentate aliphatic
tertiary amines are useful ligands for ATRP cata-

lysts.””> They are easily available and do not yield
strongly colored polymer solutions because they do
not have a conjugated skeleton (e.g., bipyridines or
imines). Styrene was polymerized with CuSCN as a
catalyst and HMTETA as a ligand. PEBr was used as
an initiator. In this case, the polymerization of styrene
was fast in comparison with the CuSCN/NPPI sys-
tem, and the kinetic plot of In([M],/[M]) versus time
(where [M], is the initial monomer concentration and
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Figure 2 Dependence of (@) the molecular weights and (O) the polydispersities of PS on the monomer conversion for the
solution ATRP of styrene in p-xylene at 110°C with PEBr as an initiator and NPPI as a ligand ([styrene], = 5.37M, [NPPI]

= 0.107M, [PEBR] = 0.043M, [CuSCN] = 0.043M).
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RECHZ—CH CH,—~CH + Cu(II)(SCN)(Br)(Ly)

Active Species

Scheme 2

[M] is the monomer concentration) showed a pseudo-
first-order behavior, indicating an approximately con-
stant number of active species during the reaction
(Fig. 3). A linear increase in M,, versus the monomer
conversion was observed during the polymerization.
The observed molecular weights (M,, sgc) were almost
equal to the M, y, values, and the polydispersity was
relatively low (Fig. 4). This indicates that the polymer-
ization process shows fast initiation, good initiation
efficiency, and a negligible amount of chain transfer.
Figure 5 shows that there was gradual increase in the
molecular weight with the polymerization time. Ini-
tially, the molecular weight distribution was high, and
later, it led to a relatively low PDI. dNbpy, a substi-
tuted bipyridine, was also used as a ligand for CuSCN
in the ATRP of styrene. The polymerization was slow
in comparison with CuSCN/HMTETA (Fig. 3). The
gradual increase in M, with the conversion (Fig. 4)
and the relatively narrow molecular weight distribu-
tion indicate that there is very little termination during
the ATRP of styrene with the CuSCN/dNbpy system.
The results obtained with the CuSCN/HMTETA and

CuSCN/dNbpy systems are better than those ob-
tained with the CuSCN/NPPI system in terms of the
control over the molecular weight and PDI. Copper-
imine complexes have been successfully used for the
ATRP of acrylate monomers' without much report on
styrene.

Table I shows that polymerization with the
CuSCN/HMTETA system is faster than that with the
CuSCN/dNbpy or CuSCN/NPPI system. This can be
explained by the lower redox potential of the
HMTETA-Cu system compared with that of the Cu-
bipyridine or Cu-imine systems.*® Xia and Matyjas-
zeswski*® also observed slower polymerization of
MMA with the CuBr/dNbpy system in comparison
with the CuBr/HMTETA system. Polymerizations of
styrene using CuBr/HMTETA and CuBr/dNbpy
have been reported to have lower PDIs (~1.20).** The
broadening of the molecular weight distribution in
our CuSCN/HMTETA and CuSCN/dNbpy systems
may be due to slow activation of the dormant macro-
molecular chains having a—SCN end group. Being an
ambidentate functional group, —SCN can bind
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Figure 3 (M,A) Plots of the conversion versus the time and (0J,A) a semilogarithmic kinetic plot for the solution ATRP of
styrene in p-xylene at 110°C with PEBr as an initiator and HMTETA as a ligand ([styrene], = 5.37M, [dNbpy] = 0.087M,
[PEBr] = 0.043M, [CuSCN] = 0.043M, [styrene], = 5.37M, [HMTETA] = 0.05M, [PEBr] = 0.043M, [CuSCN] = 0.043M).
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Figure 4 Dependence of (l,A) the molecular weights and ((J,A) the polydispersities of PS on the monomer conversion for
the solution ATRP of styrene in p-xylene at 110°C with PEBr as an initiator and HMTETA as a ligand ([styrene], = 5.37M,
[dNbpy] = 0.087M, [PEBr] = 0.043M, [CuSCN] = 0.043M, [styrene], = 5.37M, [HMTETA] = 0.05M, [PEBr] = 0.043M,

[CuSCN] = 0.043M).

through a sulfur atom or nitrogen atom to form thio-
cyanate and isothiocyanate end groups, respectively.
However, binding through nitrogen instead of sulfur
may lead to inactive chain ends (when benzyl isothio-
cyanate was used as the initiator and CuSCN was
used as the catalyst in ATRP, there was no polymer-

ization).”® Because the bond strength of C—Br is
weaker than that of C—SCN, the former system shows
faster activation. Davis and coworkers®”*® reported
ATRP of styrene and methyl acrylate with benzyl
thiocyanate (BzSCN) as an initiator and CuBr as the
catalyst. They found slow initiation and very broad
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Figure 5 GPC traces of PS (CuSCN/HMTETA) obtained at different polymerization times (MW = molecular weight).
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TABLE 1
ATRP of Styrene with PEBr as the Initiator, CuSCN as
the Catalyst, and Different Ligands

Time Conversion
No. Ligand (min) (%) M, sgc M, 4 PDI
1 HMTETA 330 56 7800 7000 1.32
2 dNbpy 1230 40 3900 5000 1.39
3 NPPI 480 58 8800 7250 1.75

Solvent = p-xylene; [Styrene], = 5.37M; [PEBr] = 0.043M;
[CuSCN)] = 0.043M; [HMTETA] = 0.05M; [dNbpy]
= 0.87M; [NPPI] = 0.107M; temperature = 110°C.
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polydispersity. When they used the CuSCN/BzSCN
system, the polymerization of styrene was not con-
trolled, and the polydispersity was very broad. When
they used an unsymmetrical system (i.e., a conven-
tional halide initiator and CuSCN as a catalyst), the
polymerization was controlled and the polydispersity
was lower. They also found that —SCN was not an
effective mediator in ATRP of styrene and led to rel-
atively broad polydispersity in comparison with a
conventional halide system. In all cases, they used
only dNbpy as the ligand. Interestingly, we found

Koo

T

150 148

146 i44 142 14 138

136 134 132 130 128 126 124 12

i i
139.0 1385

Figure 6 (a) '*C-NMR spectrum of PS prepared with CuSCN/HMTETA and (b) an amplified region at § = 135 ppm.
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Figure 7 MALDI-TOF MS of PS prepared with the CuSCN/HMTETA system.

faster polymerization with HMTETA as the ligand.
The broad PDI with the anion ligand, —SCN, can also
be explained by the role of the copper catalyst. The
copper catalyst with the —SCN ligand [e.g., Cu(Br)
(SCN) in Scheme 2] is an inefficient deactivator in the
reversible deactivation process in ATRP (Scheme 2).
This is because of the greater ligand strength of —SCN
in comparison with —Br, as explained earlier. Bro-
mide (—Br) has been reported to have better deacti-
vation efficiency in comparison with other ligands.*

PS obtained by CuSCN/HMTETA-mediated ATRP
was characterized by '*C-NMR and MALDI-TOF MS
to find the nature of the end group. ">*C-NMR shows a
peak at 8 = 135.6 ppm that is characteristic of the
carbon of the —SCN group™ [Fig. 6(a,b)]. The peaks at
6 values of 145, 128, and 125 ppm are due to the
different aromatic carbons in the phenyl group.® The
MALDI-TOF mass spectrum of PS with a silver salt for
cationization is shown in Figure 7(a). The amplifica-
tion of a part of Figure 7(a) (m/z 1220-1430) is
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shown in Figure 7(b). It shows an envelope of species
each separated by 104, which is characteristic of PS.
The high intensity peak at 1254 is due to
H—[(CH,—CH(Ph)];;Ag". It is due to de-(pseudo)ha-
logenation of the end group of PS, which is well
known during MALDI-TOF MS of PS with a Ag salt.
The peaks at 1270 and 1288 cannot be assigned to
either the —Br or —SCN end group. They may be due
to unwanted fragmentation of PS. Dourges et al.*!
also observed several fragmentations while carrying
out the MALDI-TOF MS analysis of PS prepared
by controlled radical polymerization with 2,2,6,6 tet-
ramethyl 1-piperidinyloxy. The small peak at 1313 is
due to PS having —SCN as the end group
H—[(CH,—CH(Ph)];;—SCN Ag". The loss of thiocy-
anate may not be complete during MALDI-TOF MS,
and this is in accordance with the bond strength ar-
gument (i.e., C—SCN > C—Br).*

Recently, we reported MALDI-TOF MS of poly(m-
ethyl methacrylate) samples prepared by ATRP with
the CuSCN catalyst.® It showed the presence of the
—SCN group as the end group, but it could not detect
the —Br group.

CONCLUSIONS

The results reported here demonstrate the successful
application of a copper catalyst having a pseudohalide
anion (—SCN) as an ATRP catalyst for styrene. Imine,
HMTETA, and substituted bipyridine can be used as
ligands for CuSCN. HMTETA seems to be the most
efficient of the three ligands used. '*C-NMR and
MALDI-TOF MS analysis show the presence of —SCN
as the end group. Thiocyanate (—SCN) is a very ver-
satile functional group that can undergo several chem-
ical reactions®* and thus can make PS end-capped with
—SCN an interesting material for potential applica-
tions.

Thanks are due to B. Klumperman for many inspiring dis-
cussions and valuable comments about this work. The au-
thors also thank W. J. Kingma for gel permeation chroma-
tography analysis and R. Vollmerhause for matrix-assisted
laser desorption/ionization time-of-flight analysis of the
polymer samples.
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