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Full Paper: Severalcoppercomplexesusedsuccessfully
as the catalystsfor atom transferradical polymerization
(ATRP) were studied by cyclic voltammetryin acetoni-
trile. Thesecomplexesinclude CuBr or CuCl complexed
by 2,2-bipyridine (bpy), 4,4-di(5-nonyl)-2,2-bipyridine
(dNbpy), 4,4-di(n-nonyl)-2,2-bipyridine (dnNbpy), N,N,-
N’,N”,N”-pentamethyldiethylenetriamin®MDETA), N,-
N-bis(2-pyridylmethyjoctylamine (BPMOA), N,N-bis(2-
pyridylmethyl)octadecylamingBPMODA), tris[(2-pyri-
dyl)methyllamine (TPMA) and tris[2-(dimethylamino)-
ethyllamine (MesTREN), respectively It was found that
the Ey, value for the redox couple Cu/Cu' strongly

dependson the natureof the ligand and the halogen.As

the numberof coordinationsitesof the ligand increases,
the reducingpower of the correspondingCu(l) complex
also increasesWith the sameligand, CuCl complexes
usually have a lower redox potential than CuBr com-

plexes.Thesegeneraltrendsagreewith the kinetic fea-

turesof ATRP catalyzedby the correspondingcomplex,
and a correlation betweenthe redox potential and the

apparentequilibrium constantof ATRP for methacrylate
wasobservedThe possibility of usingelectrochemistras

a screeningmethodfor selectingATRP catalystsis there-
fore furtherdiscussed.
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Intr oduction

Atom Trarsfer Radicd Addition (ATRA) and Atom
Transfer Radial Pdymerization (ATRP)>® are two
powerful synthetic method in organic chemistry and
polymer chemistry, respetively. In ATRA, R-X (usualy
anorganc halide)adds acrassthe unsduratedcarbon-car
bonbondof analkene,M, to form the monoadduciR-M-
X in high yield, while ATRP achievescontolled/living”
radical polymerization of vinyl monomersby the repeti-
tive ATRA processto form R-(M),-X, as shown in
Schemel. Typically, the concentation of the radicalsis
much lower thanthe concentation of the metal complex
deactivato due to the persistentradical effect/® and
therefore,the propation of produds formed by radical
couplingand/ordisproprtionation canbe neglected.
Trarsition metd complexesof Cut> Felt213 Ry 14

Ni,[t516l etc. are usudly appliedto catalyze this process.
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Schemel. Atom TransferRadicalAddition (ATRA) andAtom
TransferRadicalPolymerization(ATRP).
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The plausiblemedanismfor ATRA andATRP involvesa
corcerted innersphee electron transfer process(ISET,
alsocalled atomtransfer)betweenthe organic halide and
the metal complex (Eqg. 1). However a two stepprocess
with an outersphereelecton transfe (OSET) followed
by halidemigration is alsopossble (Eq. 2).

R-X+MLpy = [R---X---ML,] = R +X-M"L,, 1)

R-X + MLy = [RX™ = R+ X7 +MML, = R +X-M{*L,(2)

The mechanism can becomemore complex in some
caesdueto redox readionsinducedby OSET andshown
in Eq.3—4.

R*+X-M[*iL, = R*+[X-M{L,]- = R"+ X"+ MLy, @)
R + MLy = R+ [MML,]* 4)

Undersuchconditions,cationic or anionic intermediates
may be generatedchangimg the radical natureof the pro-
ces andconsegentlythe prodiwctsof thereacton. There
fore, choosingthe appropiate catalytic systembecomes
extrenely importart to assuethecontol of theprocess.

The overal rate of ATRA and ATRP depeads on the
rate constanof addtion of radcal to monomer(propaga
tion, k) but alsoon the equiibrium constantof the atom
transferprocesgKeq = Ka/ky, EQ.5).

Ry = ke [MI[P ] = ko [M][RX] o ka[M ]/ (ks [X-M )

=k Keg[M][RX] o [MP*J/[X-M ] (5)
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Geneally, equilibrium constats are larger for the
morereducirg complex, i. e. for systens that betterstabi-
lize the higher oxidationstateof the metal speciesThere-
fore, electroclemicalmeasurerantsmay be usefulfor the
betterunderstandig of ATRP processsandfor thecorre-
lation of the catalyst structurewith its reactivity andche-
moselectity. However it hasto berecaynizedthatatom
transfer processrequiresexpansionof the coordinaton
sphere of the metal complex and the equlibrium is
affectednot only by the M{/M{** electroclemicd couple
but also by the enegeticsof the X-M{*! bonding. More-
over, sinceorganicradcals canbe oxidized or reducedo
cationsandanions, the strongly reducirg or oxidizing cat-
alytic systemmay lead to the undegred side reactiors.
Additiondly, thechemoseletivity of ATRA andthe poly-
dispersites of polymers preparedby ATRP may be
affected by the dynamics of the electron transer and
atomtransferprocesss.

Previously, van Koten et al.*”*® studiedthe electro-
chemstry of arylnickel(ll) conplexes. They found that
the redox potential of the complexwas very sensitve to
the para-substution of the ligandsandthe counteron of
the complex which in turn strongly affectedthe catalytic
behaviorof the nicke complexesin ATRA readions. We
have also discussedthe importance of OSET in ATRP
androugHy correlatedthe activity of some catalystswith
their electroctemistry basedon the literature data®® In
this article, we reportthe electochemicalstudes of sev-
eral copperconplexesusedsucceshilly asthe catalysts
for ATRP in orderto link their electroclemicd properties
with thekinetic featureof ATRP.

Experimental

Materials

CuCl (99.995+%, Aldrich) and CuBr (99.999%, Aldrich)
were usedas received.All ligands, exceptbpy (Aldrich),
were synthesizedaccording to the published procedure
(structuresare shownin Fig. 1) 1292021 Acetonitrile was dis-
tilled overCaH, underargon. Supportingelectrolyte tetrabu-
tylammoniumtetrafluoroborate(Bu,NBF,) was synthesized
by mixing aqueoussolutions of NBu,HSO, and NaBF
(Aldrich). The precipitate was extracted with dichloro-
methane and recrystallized from ethyl acetate/petroleum
ether

Cyclic voltammetricneasuements

Cyclic voltammetry was performed at room temperature
with a PGSTAT20 instrument,usingGPES(GeneralPurpose
Electrochemical System) AutoLab software. Experiments
were carriedout in acetonitrileunderamon, in a three-elec-
trodecell connectedo a Schlenkline. The counterelectrode
was a platinum wire of 1crm? apparentsurfacearea. The

referencevasa saturatectalomelelectrode(SCE) separated
from the solution by a bridge (4 ml) filled with a 0.1M
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Fig.1. Strucuresof theligandsof the coppe complexes.

Bu;NBF, solution in acetonitrile. A platinum electrodeof

0.5mm diameterwas used as the working electrode.The

scanraterangedbetweer0.5and200V - s’ The concentra-
tion of the coppercomplexesvaskeptat 0.01M in all mea-
surements.

Resultsand discussion

The objective of the elecrochemical measurementhas
beento evaluate the effect of differentligandsand halo-
genanios on the redox propertiesof coppercompleses,
and, potentially, to correlatetheir redox propertes with
their catalytic behavio in ATRP. For this reason several
commonlyusedATRP catalystswere examinedby cyclic
voltammety. Theresuts arelistedin Tab. 1.

Generalfeatues

The voltammograns giving rise to the datarepoted in
Tab.1 correspnd to one-ekctron chemicaly reversile
couples,although their often large peak-to-gak sepaa-
tion indicatesthat the overall electrachemicalproceses
behaveasslow chage transfe. The only excepion is the
CuCIl/TPMA conplex where the peakto-peaksepaation
approacks the 60 mV canonicalvalue for a Nernstan
behavior Sud sluggish electran transfers (compare
entries3—6 in Tab.1) point out to a profoundreoiganiza-
tion of the coordinaton sphereof the copper centerwhich
is not surprisingin view of the differentprefered coordk
nationsfor eachredoxstate(l or 1l) of the coppercenter
However within the rangeof scan ratesexploredin this
study it wasnot possble to decde, if the reoganizations
of the coordnation environmat are concertel with the
electrontransfe, or if they occurafter the electrontrans-
fer stepthrough a squareschene 22 Whateveris the exact
situation the half-sum of the oxidation and reduction
potentialpeakafford anestimateof the E;, characteizing
the overall redoxprocesqTab.1).Thus althougha quan-




Cyclic voltammetic studies of coppercomplexesatalyzingatomtransferradical polymerizaion

1627

Tab.1. Redoxpotentialsof severalcoppe complexesmeasuedby cyclic voltammetryin aceonitrile atroomtemperaturé)

Salt ngand Ep_a/Vb) Ep,CNb) El/ch’ AEp/mV ib/ifd Eé.,CNe)
1 CuBr bpy 0.145 -0.075 0.035 220 0.95
2 CuCl bpy 0.195 -0.135 0.030 330 0.78
3 CuBr dNbpy 0.295 —0.400 —0.050 695 0.57 -0.350
4 CuCl dNbpy 0.320 —0.465 -0.070 785 0.49 —0.560
5 CuBr dnNbpy 0.125 -0.250 —-0.060 375 0.67 -0.215
6 CuCl dnNbpy 0.185 —-0.300 —-0.055 485 0.69 —-0.305
7 CuBr BPMOA 0.070 —0.135 -0.035 205 0.73
8 CuCl BPMOA -0.10 —-0.250 -0.180 140 0.88
9 CuCl BPMODA —0.060 -0.275 -0.170 215 0.67 -0.270
10 CuBr PMDETA —0.005 —-0.140 —-0.075 135 0.79
11 CuCl PMDETA -0.105 -0.265 —0.185 160 0.78
12 CuBr TPMA —-0.200 -0.285 —-0.245 85 0.73
13 CuCl TPMA -0.290 —-0.360 -0.325 70 0.76
14 CuBr MesTREN —-0.240 —-0.355 —-0.300 115 0.89
15 CuCl MesTREN —0.350 —0.475 -0.413 125 0.72

@ Potentialgeferredto SCEeledrodeata scanrateof 0.5V s™. Theratio of salt/ligandis 1/2 for entries1-6;1/1 for entries7—15.
b E,.andE,.arethe peakpotentids of therediction andoxidationwaves respectively

9 Eip=1/2(Epc+ Ep g).
9 iy /is is theratio of backwardto forward peakcurrent.

® Reductionpotentid of the Cu(ll)L complexesobtainedby mixing CuX, with the ligand L. Same conditionsas for the voltam-

metricinvestigationof Cu(l) complexes.

titative analysis of the datacould not be accomplshed,a
gualitatve comparisonmay still meetthe purposeof the
currentstudy.

Effectof ligand

The cyclic voltammogramsof Cud/L complexes are
shownin Fig. 2 for L = bpy, PMDETA, TPMA andMesT-

REN. Theredoxpotentials (Ey) of the copperconmplexes
dependstrongl on the structureof ligands.For exanple,
by changingligands from bpy to MesTREN, the redox
potentid of the corresponthg complex deceasedmore
than 300 mV (330 mV for the bromo derivative and
440mV for the chloro one). This mears that it is much
easierto oxidize Cu(l)/MeTREN than Cu(l)/bpy. If the
measurededox coupleis associatd with the atomtrans-
fer readion, this big changein reducing properties may
correspondo the ratios of the atomtransferequilibrium

constant,Keq, from 10* to 10° times assummg idertical

structuref alkyl halide,RX andorganc radical,R":

In Keg= NFE/RT E = 0.06l0g Keq
Keq = ka/ky = ([RT/[RX]) x ([X-Cu(I)L]}/[Cu(I)L]) (6)

Startihg from the ligand that forms the leastpoweiful
reducing agen, the general trend is: bpy< dNbpy or
dnNbpy< BPMOA or BPMODA < PMDETA < TP-
MA < MesTREN. This trend is lessclear for the bromo
complexes than for chloro ones. For exanple, CuBr/
BPMODA seansslightly lessreducirg thanCuBr/d\Nbpy.
Thisis pethapsdueto the larger AE, andthenlessprecise
E.» valuesobtainedfor thetwo compleses.

The redox potential of the copper complexcanbe cor-
relatedwith the structure of the ligand in several ways.
For exanple, reducing powerincreaseswith the number
of N-atoms: bidentate ligand < tridentate ligand< tripo-
dal ligand. Also, the aliphatic amines which are more
nudeophilic thanaromaticaminesbette stablize Cu(ll)
speces: BPOMA < PMDETA; TPMA < MesTREN. It
can be considerd that Cu(ll) is a stronge Lewis acid
thanCu(l) andwill complexbetter with strongemudeo-
philes (trialkyl aminesvs. pyridines)
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Fig.2. Cyclic voltammograns of CuCl/2bpy CuCI/PMDETA,
CuCIITPMA and CuClMeTREN in acetonitrile (0.1M
Bu,NBF,; scanrate:0.5V s™. [CuCl/L],: 0.01M.
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Fig.3. Cyclic voltammograns of CuBr(CIYTPMA (left) and CuBr(CI)/PMDETA (right)
in acetonitile (0.1 M Bu,;NBF,; scanrate:0.5V s [CuCl/L]o: 0.01M.

Effectof the halogen

ForagivenligandL, it wasobservedhatthe E,/, varied
with the natureof the halideanion.CuCl conplex usualy
displaysa lower redox potential than CuBr complex, and
thedivergerceis more pronounce with tridentateandtri-
podalligands.In Fig. 3 two exanplesfor the compari®n
betweenCuCl and CuBr with PMDETA or TPMA asthe
ligandareshown.

This variation of the redox potential with the natureof
the halogenmay indicate the involvemen of the halide
contaning complex in the measuredredox cycle, and
hencereflect the differencein bondirg enegies of the
halide ligand that coordnatesto the coppercenter The
potental halide containing complexes can be X-Cu(l)L
(for tridentate ligandsonly) or X-Cu(ll)L*. If the latter
speciesis involved, it is important to stressthat it may
not featurealwaysthe thermodynamicaly stableforms of
the copper(l) specieswhich are obtaned by dissolutbn
of the coppef(ll) saltswith presece of the ligand. The
voltammetric reducton peals of authentic copper(ll)
solutiors aregeneally observedat potentialswhich differ
from the reducton peakassociatd to the oxidationof the
Cu(l) specis (Tab.1). This is especidly visible for the
branchedp-subsituted bpy ligands (entries 3 & 4 in
Tab.1).

For relatively well defined redoxcycles,the difference
of Ey, betweenCuClandCuBr complexis in therange of
100mV. This may correspondo the 10-100timeshigher
equilibrium constant(Keq, Eq. 6) of the CuCl conplex to
be oxidized. However ATRP processs initiated by a
RCI/CuCIL system are generaly slower than those
initiated by RBr/CuBr/L. This discre@ancy can be
explaned by the stronger C—CI bording compaed to
C—Br bording, which overcompesatesCu—Br versus

Cu—Cl bondirg. The different solubility of the copper
complexesmayalsoplay arole.

Relation&ip with ATRP

As mertioned in the introduction the most plausible
mechanismof ATRP involves a series of inner sphee
electrontransferprocesss.Hence,it is expeced that the
activity of the catalystcan be comectedwith its redox
properties.

It hasto be,howeverrecaynized thatkineticsof ATRP
dependsnot only on the equilibrium and rate constats
but also on the concentration of the activating cuprous
speciesand deactivathg cupric species(cf. Eq.5). The
cupric specie, which could alsobe consideed as persis-
tent radicalsl are formed spontaneusly by the radical
termination processs, mearing that when the equili-
brium consant is larger, more radcals are formed, they
terminatemore rapidly forming excessof Cu(ll) andthe
reactionis slower than expected. In real polymerizaion
systemghesituationis morecomplex dueto the effect of
the chain length on termination rate coeficients/*® as
well aslimited solubility of somereagentsFor exanple,
although the polymerizaion of methyl methacylate
(MMA) with dNbpy as a ligand was much faster com-
paredto styreneandmethylacrylate (MA) ,®! the opposite
was found with PMDETA as a ligand, due to a much
higher equiibrium consant, excessivetermination and
low solubility of the Cu(ll)/PMDETA complexin the
polymerization medum.24

Nevertteless,in polymerizdion of acrylatesin which
equilibrium constantsarerelativdy low andcoppercom
plexesdissolve quite well, a rough correlation between
the conposition of the catalystsandthe overall ratescan
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Tab.2. Bulk polymerization of methyl acrylate (MA) by
ATRP Catdyst: CuBrwith differentligands

Ligand DNbpy BPMOA PMDETA TPMA MeTREN
Initiator EBP EBP EBP EBP EBP
Ml 232 232 232 232 232
ICuBriL  1/1/2 1/1/1  1/0.2/0.2 1/0.2/0.2 1/0.1/0.1
Temp.(C) 50 50 50 50 50
Time (h) 8 3.1 7.2 0.9 0.75
Conv (%) 80 82 55 79 82
Mhn 15960 16320 10860 15800 16320
M seo 17470 14400 8170 15200 16920
Mo /M, 1.27 1.12 1.21 1.05 1.07
K#P(M 8.9x 107 2.5x 10° 2.6x 10° 4.1x 105 1.0x 10*
Ref. 20] LY Thiswork 1Y (20)
Euz (V) -0.052 -0.033 -0.072 -0.242 -0.298

@ K&Pris calculatel asthe slopeof —In(1 — Conv/100)vs. time
plot divided by the propagatiorrate constant(k,, assumedo
be similar to that of butyl acrylate,whichis 2.7 x 10* Mts*
at 50°C)?%2% original concentations of the initiator ([I] )
andthecatalyst ([Cu']), i. e.

Keq _ _dIn([M]o/[M])

ap _ _

o [Cu dt-ky [Culy- (1],

be propcsed. Tab.2 presentsthe kinetic data of bulk
ATRP of methyl acrylateinitiated by ethyl 2-bronopro-
pionate (EBP) and catalyzed by various copper com
plexes.

MesTREN asa ligand givesthe fastestpolymerization
among all the copper complexes testeq followed by
TPMA, PMDETA, BPMOA anddNbpy The polymeriza-
tions catalyzel by Cu(l)/MesTREN and Cu(l)/TPMA are
sofast thatin orderto achieve goodcontol of the poly-
merizatbn, theamountof the catalyst, aswell asthereac-
tion temperature(usually performedat roomtemperature)
shouldbelargely reduced.

SuchATRPKkinetic behavia is in qualtative agreement
with the redox potentid valuesof the catalystsmeasured
by cyclic voltammetric studes, as denonstratedin the
plot of log (K& versuskE,,, (Fig. 4). In Fig. 4, the appar
ent equilibrium consant (K&P = K¢/[CU"], seethe note
for Tab.2) was usedinstead of the equiibrium constat
(Keg) to evaluate the catalytic activity of each copper
complex since the equlibrium concentréion of the
Cu(ll) conplex which is necessar to calculae K., was
only avaiable for a few systens (dNbpy?® PMDETARY
and BPMOAPY). The rough estimation of the appaent
equilibrium consantswere basedon the assumgion of an
externalfirst orderwith respecto bothinitiator andCu(l)
species.

The lower the redox potental, the larger the apparent
equilibrium constanfor the oxidationreadion of Cu(l) to
Cu(ll), andthereforethe higher the activity in catalyzing
the polymerization. The higher than expected E;, and
K& values for BPMOA, and the lower than expeced
valuesfor dNbpy, resgectively, may be ascribedto either
low precisia of E;;, or variable [CU"] generagd anddis-
solvedin eachcataltic system.
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Fig.4. Correlation between ATRP kinetics and the redox
potentialsof the CuBr complexes.

It may be interesthg to compae the activity of copper
complexes with other metal catalystsin ATRP basedon
their redoxpotentals. In Fig. 5 a redoxpotential chat of
several metal complexesincluding Cu andNi in various
solventsis shown. The nickel complexes are succeshul
ATRA catalysts and sone of them are also reportedto
catalyze ATRP including Ni(NCN-H)Br shown in
Fig. 5.8 The redox potentid values are collected from
literature data. Unfortunately due to different solvents
usedfor differert complexesi,it is not possilte to make a
quantitative compari®n. Nevertteless, it appearsthat
copper complexes generallyhave redox potential values
comparableor lower thanthoseof nickel complees.This
agreeswith the reported ATRP kinetics. Copperbasd
conplexes canbeusedfor avariety of monomersjnclud-
ing methacylates,styrenesandacrylatesandunder mild-
eg conditons (highest dilution, loweg temperature).
Typically, Ni complexescanbe appied only in ATRP of
the most readive monomes such as methacylates. In
addtion, theyrequire longertime to achievehigh conver
sion*¥! andsometinesthey needanactivaor aswell.'s

The observedparallel trend of ATRP kinetics and the
redox potentials indicates that electochemisry may
indeedprovide a screeningvindow for ATRP catalysts. It
seemsthat metal complexes with redox potentialsin the
range between-0.3 V and +0.6 V (versis NHE) may
becane useful ATRP catalystsin polymerisaton of styr-
ene and (meth)acylates. When the redox potental is
lower than—0.3V, the catalytic reactionbecomegoo fast
and may require specialtechriquesfor contolled poly-
merization, due to excessiveradical termination. On the
other hand, when the redox potential is higher than
+0.6 V, the polymerizationrate is too slow to be practical
Furthermore oute sphereelecton transkr sidereadions
(Eq. 3andEg.4) mayreadly occu andsurpasgheatom
transfer reactionwhen the redox potential of the metal
conmplexis too low or too high.
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Fig.5. Redoxpotentialsof somemetal complexes. Ref.: nickel complexesin aceton&® and CH.Cl,,*” coppercomplexes with
linear tetramineligands(Cu(NsMes), Cu(N,H,Me,))?”! and other coppercomplexesn aqueais solution?® The valuesof Ey;, of the
nickel complexesarecalculat@ basedon publisheddatavs. Fc/F¢ (0.55V vs.NHE).




Cyclic voltammetic studies of coppercomplexesatalyzingatomtransferradical polymerizaion

It shoud be emphasizedthat the cyclic voltammetric
measurerantsin this studywere carriedout undercondi-
tions quite different from those of ATRR especiallyin
termsof the solventand the tempeature. Therefore, the
measurededox potentialcanonly be usedasa referece
in evalwating the activities of the metal complexes in
ATRP. Moreover, redox potentialsusually provide infor-
mation on outer sphereelectron transfer betweenthe
metal complexandthe selectedelectrock. It may not be
fully relatedto atomtranskr reactionsalore, which rather
proceed through the inner-sphere electron transfe
betweenthe metal complex and an organc compound.
How to correlatethetwo-electrontransfe processs,both
thermodyamically andkinetically more suficiently, is a
subjectof a futureinvestigaton.

Conclusion

Several copper complexes that catalyze atom transer
radical polymerization succeskllly were studed by cyc-
lic voltammetry. A generaltrendof the variationof redox
potentids by changirg the ligand and the anion was
observed and this trend is in agreementwith the activ-
ities of the complexesin ATRP. This resultindicatesthat
an electroctemical approachcan sene as a qualitatve
tool to sdect possble ATRP catalyst.
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