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SUMMARY: The atom transfer radical polymerization (ATRP) of styrene has been studied using complexes
of copper carboxylates. Compared with systems employing copper halides as the catalyst, the use of copper
carboxylates resulted in faster polymerization rates and higher polydispersities. A ligand (dNbpy) to Cu(l)
carboxylate ratio of 1 was sufficient to achieve the maximum rate of polymerization. The addition of a small
amount of either Cu(ll) or Cu(l) halide to the copper carboxylate system yielded polymers with better con-
trolled molecular weights and lower polydispersities yet the polymerization still remained relatively fast.

Introduction thiophenecarboxylate (CuTC) was synthesized according to

E dical pol . fih idel the procedure of Liebeskind et &l .All other reagents were
ree radical polymerization is one of the most widely use urchased from commercial sources and used as received.

polymerization processes. In spite of its commercial impor- The general procedure for the polymerization of styrene is
tance, controlled radical polymerization has long been cogescribed as follows: Cu(l) complex, ligand (dNbpy), initia-
sidered impossible because of the inevitable bimoleculasr 1-phenylethyl bromide (1-PEBr) and styrene in an appro-
radical termination process. Only in recent years has copriate ratio were added to a glass tube purged with argon.
trolled radical polymerization been obtained by maintainThe solution was degassed three times by “freeze-pump-
ing a low and stationary concentration of growing radical§aw” cycles and sealed under vacuum. The tubes were
based on a fast, dynamic equilibrium between active (frgdaced in an oil bath thermostatted at “@ and were

radicals) and dormant species. Several well controlled radf@rl\‘/lmved from the oil bath at tim dedt mte_rvaolls.b hromat
cal polymerizations have been developed includin ONOMEr CoNversions were determined by gas chromato-

. . : o raphy (GC) withp-dimethoxybenzene as an internal stan-
nltro_xyl rad|cal-mgd|a_ted )polymenzaﬂo?@, c_qbalt(ll)— dard. Molecular weights and polydispersities were deter-
mediated polymerizatiofi$’ and several transition metal- ,ined by gel-permeation chromatography (GPC) using com-

catalyzed (R&?, Cu®*4 Ni*> 19 and Fé"*%) atomtransfer mercially available polystyrene standards for calibration.
radical polymerizations (ATRP).

The Cu(l) halide/bipyridine catalyzed polymerization,
an atom transfer radical polymerization, has provided for . i
the well controlled polymerization of various monomer§QeSUItS and discussion
(styrene, acrylates, methyl methacrylate, acrylonitrileThe principle of atom transfer radical polymerization is
etc.}o419-2) various polymer architectures (linear, starto establish an equilibrium between dormant and active
comb, and (hyper)branched polyméfsmand polymer species as shown by Egs. 1 and 2. The rate law for ATRP
compositions (random, block, graft and gradient copolyis given by Eq. 3.
mersy*2%. This paper reports the controlled radical poly-

merization of styrene by ATRP using copper carboxylateB—X + Cu(l) % P+ Cu(ll)-X 1)
as catalysts. The effect of the counter anions of the Cu(l)
complexes on the polymerization has been investigated. ke [P][Cu(ll) —X]

=~ Cu]P X @

Experimental part [Cu(l)]

. . Ry =K[M][P] = kKeo[ M][P — X] —="7m~ = = KPP [M]
Styrene was stirred over Cakbvernight and vacuum dis- [Cu(ll) = X]
tilled before use. 4,8Bis(5-nonyl)—2,2bipyridine (dNbpy) (3)
was synthesized through a coupling reaction of 4-(5-nonyl)-
pyridine using Pd-C as the catalyst. CuBr was purified While the controlled living radical polymerization by
according to the procedure of Keller and Wy@BffCu(l) 2- ATRP follows the general equations 1, 2 and 3, the equili-

2 Part of this work was presented at the 2¥merican Chemical Society National Meeting in San Franciscot{ef.
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Fig.1. Firstorderkinetic plot of bulk polymerizaton of styr
eneat 90°C with CuOAc and CuBr as catalysts respectively
[styrene}: [1-PEBr]o: [Cu(l)]o: [dNbpy], = 100:1:1:2

brium constantandkinetics of individual polymerization

may vary depending on the monomey catalyst andreac

tion corditions, i.e., temperatue, solvent, etc. Cu(l)

halidessuchasCuCl and CuBr hawe beenwidely usedas
catalystsin the previous studiesof ATRP In order to

studythe effect of the counter anionof Cu(l) complexon

the polymerization, especially non-halogn anions, we

have studiedthe polymerizaion of styrenecatalyzed by

copper(l)acetate( CuOAc) and copper() 2-thiophenecar

boxylate(CuTC). Same newfeatureshavebeenobserved
which are different from those polymerizations using
Cu(l) halides.

The bulk polymerization of styreneinitiated by CuBr
and CuOAc was carried out at 90°C in a ratio of [styr-
ene}:[1-PEBr]o:[Cu(l)]o:[dNbpy]e = 100:1:1:2. As
shownin Fig. 1, both polymerizaions were first order
with respectto monomer convesion, which indicated
thatthe concentrationof radicalswasconsantthroughat
the polymerization. However the polymerization cata-
lyzed by CuOAc was mud faste thanthat catalyzel by
CuBr. Sincethe polymerizationrateis directly relatedto
the propagatiry radical concentation (Eq. 3), this resut
can be interpretedas that when CuOAc was used, the
equilibrium in Eq. 1 is shiftedto the right by decieasing
the deactvation rate corstant ks, andbr increasng the
activation rateconstank,.

The effect of the ratio of ligand (dNbpy) to Cu(l) on
the polymerizaion ratewasinvestigaed. In the ATRP of
styreneby CuBr/d\Nbpy, the optimal polymerizationrate
wasreache when[dNbpy]/[CuBr], = 2, while the poly-
merizaton rate was only half of it when [dNbpy]y/
[CuBr], = 1'*. The possille explanatonis thata 2: 1 ratio
of dNbpy to CuBr is recuired to form the active species
even though other more complexed mechanisms may
operate. A new feature in the polymerization of styrene
by copper carboxyates is that the polymeization rate
was very similar when 1:1 and 2:1 ratios of dNbpy to
CuOAcwere used(Fig. 2). The sameresut wasobserved
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Fig.2. First orderkinetic plot of bulk polymerizationof styr
ene at 90°C with 1:1 and 1:2 ratios of CuOAc to dNbpy,
respectively  [styrene}:[1-PEBr]o: [CuOAc],: [dNbpy]o
100:1:1:1 and [styrere]:[1-PEBH,: [CuOACc]y: [dNbpy],
100:1:1:2
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Fig. 3. First orderkinetic plot of bulk polymerizationof styr-
eneat90°C with 1:1 and1:2 ratiosof CuTCto dNbpy, respec-
tively. [styrene}:[1-PEBrk:[CuTCly:[dNbpy]y = 100:1:1:1
and[styrene}: [1-PEBrk: [CuTC]o: [dNbpy]o = 100:1:1:2

when Cu(l) 2-thiophenecarboylate (CuTC) was
emgdoyed (Fig. 3). It suggest that both the aceta¢ and
the 2-thioplenecaboxylate ligands may act as bidentate
ligandsin the absencef a seconddNbpy ligandto fulfill

the coordnationrequirenent.

In the polymerizdion of styrenecatalyzel by copper
carboxylates,the molecular weights were usually higher
than the theaetical valuescalcdated from Eq. 4, where
A[M], [R—X]o, and (MW), represenhthe coneentrationof
comsumedmonomey the initial concentrationof initiator,
andthe molecularweight of monomer resgectively. The
polydispersiies obtained were also relativdy higher
(M./M, > 1.2), as conparedwith M,,/M, = 1.1 for the
CuBr/dNbpysystem

Mx = (AIMJ/[R-X] 0)(MW)o 4)

Fig. 4 showsthe resultof the polymerizdion of styrene

using CuOAc at 90°C. The relatively higher molecular
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Fig.4. Plot of polymer molecularweight and polydispersity
vs. monomerconvesionin thebulk polymerizationof styreneat
90°C. [styrene}: [1-PEBr}: [CuOAc]y: [dNbpy], = 100:1:1:2
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Fig.5. Plot of polymer molecularweight and polydispersity
vs. monomerconvesionin thebulk polymerizationof styreneat
90°C by CuOAc with 10% CuBr, and50% CuBr, respetively.
A: [styrene}:[1-PBBr]o: [CuOAC])y: [CuBr;]o: [dNbpy]o = 100:
1:1:0.1:2.2. B: [styrene}:[1-PBBr]o:[CuOAc]y: [CuBr]o:
[dNbpy], =100:1:0.5:0.5:2

weights than prediced, suggest a lower initiator effi-
ciency which probably results from larger equlibrium
constantKeq in Eg. 2. A high concentation of radicalsat
the begnning of the polymerizationscould leadto bimo-
lecular termination, thus lowering the initiation effi-
ciency The higher polydispersitiesof the resultirg poly-
mersaremoastlikely causeddy a slowerdeactvation pro-
cessand/oradditional sidereactiors.

The relatively higher molecula weights and higher
polydispesities,presumaly causedy initial termination
of the initiator and slow deactvation, respetively, were
improvedby theaddtion of a co-catalyst which hasafas-
terdeactivaton processCuBr, reacswith polystyryl radi-
calswith anearlydiffusion-corrolled rate®2®, Therefore,
by addinga smal amaunt of CuBr, into the CuOAc sys-
tem, the initial conentrationof radicalscan be reduced
andthe overalldeactivaton procescanbeacceleated.A
similar effect hasalso beenobservedn the presenceof
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Fig.6. Compaisonof thefirst orderkineticsfor the bulk poly-
merizationof styreneat 90°C with variouscatalyticsystemsA.

[styrene}: [1-PEBr]o: [CuOAc: [dNbpy]o = 100:1:1:2. B:
[styrene}: [1-PEBr]o: [CUOAC): [CuBr]y:[dNbpyl, = 100:1:
0.5:0.5:2. C: [styrene}:[1-PEBr]o: [CUOAC]y: [CuBro:
[dNbpy]o = 100:1:1:0.1:2.2. D. [styrene: [1-PEBr]o: [CuBr]o:
[dNbpy]o=100:1:1:2

CuBr. Thus,by combiningthe CuOAc systemwith alar-
gerequlibrium constnt,with the CuBr systemhavinga
faster deacivation process,the molecubr weights and
polydispersiieswere bette controlled while the polymeri-
zation still remainal relatively fast Fig. 5 and6 showthe
polymerizaionsof styrenecatalyzedby CuOAc in thepre-
senceof 10 mol-% addedCuBr, (relativeto CuOAc) and
by 1:1 of CuOActo CuBr, respetively.

The molecubr weights were close to the theoretical
values and the polydispersiies were reducedfrom about
1.4 to below 1.2. The polymerizdion rates in both cases
were slowerthanfor the CuUOAc systemdueto the addk
tion of CuBr, but werestill fasier thanthosewhen CuBr
wasusedalone It is possille that sever& copperspecies
may beformedin thesolution(Eq. 5). If the copperdicar
boxylate, Cu(OAc), is formed,this would not be ableto
deacivate the propagting radcals as the cartoxylate
ligandis not a groupthat canbe radically transferred,as
is thehalogen,i. e.,bromine.

CuOAc+ CuBr, == Cu(OAc)(Br)+ CuBr (5)

ATRPis propcsedto proceedvy afreeradcal polymer
ization mechanism. Each growing polymer chain does
not bind to a specific metal center The polymer chan
canreactfreely with any metal complexes.Eventhough
more than one catalytic speciesmay be involved, poly-
mers with unimodal molecublr weight distribution are
producedwhenthereis afast,dynamicexchangeéetween
the propagatimg radicalsandthe halogen-teminatedpoly-
mer chains.

When polymers of high molecuar weight (>30000)
were desired,sone slow sidereactiors were observedas
evidencedby broadermolecubr weight distributionsand
a decelerathn in the rate of polymerization. In orderto
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understandhe natue of the side reactons, the reaction
betweenl-phenylethyl bromide,asa modelof macrome
lecular polystyryl bromide, and the complex of CuOAc
with two equivalerts of dNbpy was studiedin benzene.
The correspnding prodiwcts were analzed by NMR.
Whena benzae solutionof 1-PEBR and CuOAc/a2Nbpy
washeatd at 90°C in a sealedNMR tube, the coupling
product (2,3-dphenylbutine) was observed In addtion
to the coupling produd, styreneand1-pherylethyl acetate
(1-PEOAC) were also deteced, and their corcentrations
increasedvith time. The mechanismfor the formation of
2,3-diphenylbutane and styrene have been studed pre-
viously?®. The possiblemechanism for the formation of
1-phenylehyl acetatemight involve the displacenent of
Br~ on 1l-pherylethyl bromide, by OAc™ of the copper
complex This hypothesisis suppored by the resultsof
the reacton of 1-phenylehyl bromide with Cu(OAc),
(Eqg. 6). When a berzenesolution of 1-phenylehyl bro-
mide ([1-PEBr} = 0.2m) and Cu(OAc), ([Cu(OAc),)o =
[dNbpy]s/2 = 0.05m) washeatdin a sealedNMR tubeat
90°C, after20h, 1-PEOAcwasformedin 28.3% yield, in
additionto theformation of styrenein 6.5%yield.
1-PEBr+ Cu(OAc) — 1-PEOAc+ Cu(OAc)(Br)  (6)

The formation of styrenecanbe formedby dispropor
tionation of two 1-phenylehyl radicals,or by reactionof
Cu(ll) specieswith RBr andR". In the presenceof RBr,
the Cu(ll) may actasa Lewis acidto form the 1-pheryl-
ethyl cation. Loss of a proton would resultin the forma-
tion of styrene Similarly, R* canbe oxidizedto the cation
by outer sphereelectrontranser with Cu(ll).

Conclusions

The atom transfe radcal polymerization of styrenehas
been studied using complexes of copper carboxyates.
ATRP of styreneby coppercarboxyatesresultedin afas-
ter polymerization rate, higher molecular weights than
the calcuated values, and higher polydispesities com
pared with ATRP catalyzel by CuBr. Cu(l) to ligand
(dNbpy) ratios of 1:1 and 1:2 yielded similar polymeri-
zationrates.The molecuar weight contrd andmolecubr
weight distributions were improved by addng CuBr; or
CuBr to the copper carboxyate systemwhile the poly-
merizatonrate still remanedrelatively fast.
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