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Intr oduction
Atom Transfer Radical Addition (ATRA)[1–4] and Atom
Transfer Radical Polymerization (ATRP)[5–8] are two
powerful synthetic methods in organic chemistry and
polymerchemistry, respectively. In ATRA, R-X (usually
anorganic halide)addsacrosstheunsaturatedcarbon-car-
bonbondof analkene,M, to form themonoadductR-M-
X in high yield, while ATRPachievescontrolled/“living”
radical polymerization of vinyl monomersby the repeti-
tive ATRA process to form R-(M)n-X, as shown in
Scheme1. Typically, the concentration of the radicalsis
muchlower thanthe concentration of the metal complex
deactivator due to the persistentradical effect,[9] and
therefore,the proportion of products formed by radical
couplingand/ordisproportionationcanbeneglected.

Transition metal complexesof Cu,[10,11] Fe,[12,13] Ru,[14]

Ni,[15,16] etc. are usually appliedto catalyze this process.

Theplausiblemechanismfor ATRA andATRPinvolvesa
concerted inner-sphere electron transfer process(ISET,
alsocalled atomtransfer)betweentheorganichalideand
the metal complex (Eq. 1). However, a two stepprocess
with an outer-sphereelectron transfer (OSET) followed
by halidemigration is alsopossible (Eq.2).

R-X + Mt
nLm W [R- - -X - - -Mt

nLm] W R9 + X-Mt
n+1Lm (1)

R-X + Mt
nLm W [RX– 9 e R9 + X–] + Mt

n+1Lm W R9 + X-Mt
n+1Lm (2)

The mechanism can becomemore complex in some
casesdueto redox reactionsinducedby OSET andshown
in Eq.3–4.

R9 + X-Mt
n+1Lm e R+ + [X-M t

nLm]– e R+ + X– + Mt
nLm (3)
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nLm e R– + [Mt
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Undersuchconditions,cationic or anionic intermediates
maybegenerated, changing theradicalnatureof thepro-
cessandconsequentlytheproductsof thereaction. There-
fore, choosingthe appropriate catalytic systembecomes
extremely important to assurethecontrol of theprocess.

The overall rate of ATRA and ATRP depends on the
rate constantof addition of radical to monomer(propaga-
tion, kp) but alsoon the equilibrium constantof the atom
transferprocess(Keq = ka/kd, Eq.5).

Rp = kp[M][P 9] = kp[M][RX] 0ka[M t
n+]/(kd [X-M t

n+1])

= kpKeq[M][RX] 0[Mt
n+1]/[X-M t

n+] (5)

Full Paper: Severalcoppercomplexesusedsuccessfully
as the catalystsfor atom transferradical polymerization
(ATRP) were studiedby cyclic voltammetry in acetoni-
trile. Thesecomplexesinclude CuBr or CuCl complexed
by 2,29-bipyridine (bpy), 4,49-di(5-nonyl)-2,29-bipyridine
(dNbpy),4,49-di(n-nonyl)-2,29-bipyridine (dnNbpy), N,N,-
N9,N99,N99-pentamethyldiethylenetriamine(PMDETA), N,-
N-bis(2-pyridylmethyl)octylamine (BPMOA), N,N-bis(2-
pyridylmethyl)octadecylamine(BPMODA), tris[(2-pyri-
dyl)methyl]amine (TPMA) and tris[2-(dimethylamino)-
ethyl]amine(Me6TREN), respectively. It was found that
the E1/2 value for the redox couple CuI/CuII strongly

dependson the natureof the ligand and the halogen.As
the numberof coordinationsitesof the ligand increases,
the reducingpower of the correspondingCu(I) complex
also increases.With 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
wasobserved.Thepossibilityof usingelectrochemistryas
a screeningmethodfor selectingATRP catalystsis there-
fore furtherdiscussed.

Macromol.Chem.Phys.2000, 201, No. 14 i WILEY-VCH VerlagGmbH, D-69451Weinheim2000 1022-1352/2000/1409–1625$17.50+.50/0

Scheme1. Atom TransferRadicalAddition (ATRA) andAtom
TransferRadicalPolymerization(ATRP).
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Generally, equilibrium constants are larger for the
morereducing complex, i. e. for systems thatbetterstabi-
lize thehigheroxidationstateof themetal species.There-
fore,electrochemicalmeasurementsmaybeusefulfor the
betterunderstandingof ATRPprocessesandfor thecorre-
lation of thecatalyst structurewith its reactivity andche-
moselectivity. However, it hasto berecognizedthatatom
transfer processrequiresexpansionof the coordination
sphereof the metal complex, and the equilibrium is
affectednot only by the Mt

n/Mt
n+1 electrochemical couple

but alsoby the energeticsof the X-Mt
n+1 bonding. More-

over, sinceorganicradicalscanbeoxidized or reducedto
cationsandanions,thestrongly reducing or oxidizing cat-
alytic systemmay lead to the undesired side reactions.
Additionally, thechemoselectivity of ATRA andthepoly-
dispersities of polymers prepared by ATRP may be
affected by the dynamics of the electron transfer and
atomtransferprocesses.

Previously, van Koten et al.[17,18] studied the electro-
chemistry of arylnickel(II) complexes.They found that
the redoxpotentialof the complexwasvery sensitive to
the para-substitution of the ligandsandthe counterion of
thecomplex, which in turn strongly affectedthecatalytic
behaviorof thenickel complexesin ATRA reactions.We
have also discussedthe importance of OSET in ATRP
androughly correlatedtheactivity of some catalystswith
their electrochemistry basedon the literaturedata.[19] In
this article, we report the electrochemicalstudies of sev-
eral coppercomplexesusedsuccessfully as the catalysts
for ATRP, in orderto link their electrochemical properties
with thekinetic featureof ATRP.

Experimental

Materials

CuCl (99.995+%, Aldrich) and CuBr (99.999%,Aldrich)
were usedas received.All ligands, except bpy (Aldrich),
were synthesizedaccording to the published procedure
(structuresareshownin Fig. 1).[10,20,21] Acetonitrile wasdis-
tilled overCaH2 underargon.Supportingelectrolyte,tetrabu-
tylammoniumtetrafluoroborate(Bu4NBF4) was synthesized
by mixing aqueoussolutions of NBu4HSO4 and NaBF4

(Aldrich). The precipitate was extracted with dichloro-
methane and recrystallized from ethyl acetate/petroleum
ether.

Cyclic voltammetricmeasurements

Cyclic voltammetry was performed at room temperature
with a PGSTAT20 instrument,usingGPES(GeneralPurpose
ElectrochemicalSystem) AutoLab software. Experiments
werecarriedout in acetonitrileunderargon, in a three-elec-
trodecell connectedto a Schlenkline. Thecounterelectrode
was a platinum wire of 1 cm2 apparentsurfacearea.The
referencewasa saturatedcalomelelectrode(SCE)separated
from the solution by a bridge (4 ml) filled with a 0.1M

Bu4NBF4 solution in acetonitrile.A platinum electrodeof
0.5mm diameterwas usedas the working electrode.The
scanraterangedbetween0.5and200V N s–1. Theconcentra-
tion of thecoppercomplexeswaskeptat 0.01M in all mea-
surements.

Resultsand discussion
The objective of the electrochemicalmeasurementhas
beento evaluate the effect of different ligandsandhalo-
genanions on the redoxpropertiesof coppercomplexes,
and, potentially, to correlatetheir redox properties with
their catalyticbehavior in ATRP. For this reason,several
commonlyusedATRPcatalystswere examinedby cyclic
voltammetry. Theresults arelistedin Tab.1.

Generalfeatures

The voltammograms giving rise to the data reported in
Tab.1 correspond to one-electron chemically reversible
couples,although their often large peak-to-peak separa-
tion indicatesthat the overall electrochemicalprocesses
behaveasslow charge transfer. Theonly exception is the
CuCl/TPMA complex where the peak-to-peakseparation
approaches the 60 mV canonicalvalue for a Nernstian
behavior. Such sluggish electron transfers (compare
entries3–6 in Tab.1) point out to a profoundreorganiza-
tion of thecoordinationsphereof thecoppercenterwhich
is not surprising in view of thedifferentpreferredcoordi-
nationsfor eachredoxstate(I or II) of thecoppercenter.
However, within the rangeof scan ratesexplored in this
study, it wasnot possible to decide, if the reorganizations
of the coordination environment are concerted with the
electrontransfer, or if they occurafter the electrontrans-
fer stepthroughasquarescheme.[22] Whateveris theexact
situation, the half-sum of the oxidation and reduction
potentialpeakafford anestimateof theE1/2 characterizing
theoverall redoxprocess(Tab.1).Thus, althougha quan-

Fig. 1. Structuresof theligandsof thecopper complexes.
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titative analysis of the datacould not be accomplished,a
qualitative comparisonmay still meetthe purposeof the
currentstudy.

Effectof ligand

The cyclic voltammogramsof CuCl/L complexes are
shownin Fig. 2 for L = bpy, PMDETA, TPMA andMe6T-
REN.Theredoxpotentials(E1/2) of thecoppercomplexes
dependstrongly on thestructureof ligands.For example,
by changingligands from bpy to Me6TREN, the redox
potential of the corresponding complex decreasedmore
than 300 mV (330 mV for the bromo derivative and
440mV for the chloro one).This means that it is much
easierto oxidize Cu(I)/Me6TREN than Cu(I)/bpy. If the
measuredredox coupleis associated with theatomtrans-
fer reaction, this big changein reducing properties may
correspondto the ratiosof the atomtransferequilibrium
constant,Keq, from 104 to 106 times, assuming identical
structuresof alkyl halide,RX andorganic radical,R9:

ln Keq = nFE/RT, E = 0.06log Keq

Keq = ka/kd = ([R9]/[RX]) 6 ([X-Cu(II)L]/[Cu(I)L]) (6)

Starting from the ligand that forms the leastpowerful
reducing agent, the general trend is: bpya dNbpy or
dnNbpya BPMOA or BPMODA a PMDETA a TP-
MA a Me6TREN. This trend is lessclear for the bromo
complexes than for chloro ones. For example, CuBr/
BPMODA seemsslightly lessreducing thanCuBr/dNbpy.
This is perhapsdueto thelargerDEp andthenlessprecise
E1/2 valuesobtainedfor thetwo complexes.

The redox potential of the copper complexcanbe cor-
relatedwith the structure of the ligand in several ways.
For example, reducing power increaseswith the number
of N-atoms:bidentate liganda tridentate liganda tripo-
dal ligand. Also, the aliphatic amines which are more
nucleophilic thanaromaticaminesbetter stabilize Cu(II)
species: BPOMA a PMDETA; TPMA a Me6TREN. It
can be considered that Cu(II) is a stronger Lewis acid
thanCu(I) andwill complexbetter with strongernucleo-
philes(trialkyl aminesvs.pyridines).

Tab.1. Redoxpotentialsof severalcopper complexesmeasuredby cyclic voltammetryin acetonitrile at roomtemperature.a)

Salt Ligand Ep.a/Vb) Ep,c/Vb) E1/2/Vc) DEp /mV ib /i f
d E9p,c/Ve)

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 –0.110 –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 Me6TREN –0.240 –0.355 –0.300 115 0.89
15 CuCl Me5TREN –0.350 –0.475 –0.413 125 0.72

a) Potentialsreferredto SCEelectrodeat a scanrateof 0.5V s–1. Theratio of salt/ligandis 1/2 for entries1–6;1/1 for entries7–15.
b) Ep,c andEp,a arethepeakpotentials of thereduction andoxidationwaves,respectively.
c) E1/2 = 1/2 (Ep,c + Ep,a).
d) ib/i f is theratio of backwardto forwardpeakcurrent.
e) Reductionpotential of the Cu(II)L complexesobtainedby mixing CuX2 with the ligand L. Same conditionsas for the voltam-

metric investigationof Cu(I) complexes.

Fig. 2. Cyclic voltammogramsof CuCl/2bpy, CuCl/PMDETA,
CuCl/TPMA and CuCl/Me6TREN in acetonitrile (0.1M
Bu4NBF4; scanrate:0.5V s–1. [CuCl/L]0: 0.01M.



1628 J.Qiu, K. Matyjaszewski,L. Thouin, C. Amatore

Effectof thehalogen

For a given ligand L, it wasobservedthat the E1/2 varied
with thenatureof thehalideanion.CuCl complex usually
displaysa lower redox potential thanCuBr complex, and
thedivergenceis morepronounced with tridentateandtri-
podalligands.In Fig. 3 two examplesfor thecomparison
betweenCuCl andCuBr with PMDETA or TPMA asthe
ligandareshown.

This variation of the redox potential with the natureof
the halogenmay indicate the involvement of the halide
containing complex in the measuredredox cycle, and
hencereflect the differencein bonding energies of the
halide ligand that coordinatesto the coppercenter. The
potential halide containing complexes can be X-Cu(I)L
(for tridentate ligands only) or X-Cu(II)L +. If the latter
speciesis involved, it is important to stress that it may
not featurealwaysthethermodynamically stableformsof
the copper(II) specieswhich are obtained by dissolution
of the copper(II) saltswith presence of the ligand. The
voltammetric reduction peaks of authentic copper(II)
solutionsaregenerally observedat potentialswhich differ
from thereduction peakassociated to theoxidationof the
Cu(I) species (Tab.1). This is especially visible for the
branchedp-substituted bpy ligands (entries 3 & 4 in
Tab.1).

For relatively well defined redoxcycles,thedifference
of E1/2 betweenCuCl andCuBr complexis in therangeof
100mV. This maycorrespondto the10–100timeshigher
equilibrium constant(Keq, Eq.6) of the CuCl complex to
be oxidized. However, ATRP processes initiated by a
RCl/CuCl/L system are generally slower than those
initiated by RBr/CuBr/L. This discrepancy can be
explained by the strongerC1Cl bonding compared to
C1Br bonding, which overcompensatesCu1Br versus

Cu1Cl bonding. The different solubility of the copper
complexesmayalsoplay a role.

Relationship with ATRP

As mentioned in the introduction, the most plausible
mechanismof ATRP involves a series of inner sphere
electrontransferprocesses.Hence,it is expected that the
activity of the catalystcan be connectedwith its redox
properties.

It hasto be,however, recognized thatkineticsof ATRP
dependsnot only on the equilibrium and rate constants
but also on the concentration of the activating cuprous
speciesand deactivating cupric species(cf. Eq.5). The
cupric species, which could alsobe considered aspersis-
tent radicals,[9] are formed spontaneously by the radical
termination processes, meaning that, when the equili-
brium constant is larger, more radicals are formed, they
terminatemore rapidly forming excessof Cu(II) andthe
reactionis slower than expected. In real polymerization
systemsthesituation is morecomplex dueto theeffect of
the chain length on termination rate coefficients,[23] as
well aslimited solubility of somereagents.For example,
although the polymerization of methyl methacrylate
(MMA) with dNbpy as a ligand was much faster com-
paredto styreneandmethylacrylate(MA),[5] theopposite
was found with PMDETA as a ligand, due to a much
higher equilibrium constant, excessivetermination and
low solubility of the Cu(II)/PMDETA complex in the
polymerizationmedium.[24]

Nevertheless,in polymerization of acrylatesin which
equilibrium constantsarerelatively low andcoppercom-
plexesdissolvequite well, a rough correlation between
the compositionof the catalystsandthe overall ratescan

Fig. 3. Cyclic voltammogramsof CuBr(Cl)/TPMA (left) andCuBr(Cl)/PMDETA (right)
in acetonitrile (0.1M Bu4NBF4; scanrate:0.5V s–1. [CuCl/L]0: 0.01M.
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be proposed. Tab.2 presentsthe kinetic data of bulk
ATRP of methyl acrylateinitiated by ethyl 2-bromopro-
pionate (EBP) and catalyzed by various copper com-
plexes.

Me6TREN asa ligand givesthe fastestpolymerization
among all the copper complexes tested, followed by
TPMA, PMDETA, BPMOA anddNbpy. Thepolymeriza-
tions catalyzed by Cu(I)/Me6TREN andCu(I)/TPMA are
so fast, that in orderto achieve goodcontrol of the poly-
merization, theamountof thecatalyst,aswell asthereac-
tion temperature(usuallyperformedat roomtemperature)
shouldbelargely reduced.

SuchATRPkinetic behavior is in qualitative agreement
with the redox potential valuesof the catalystsmeasured
by cyclic voltammetric studies, as demonstratedin the
plot of log(Keq

app) versusE1/2 (Fig. 4). In Fig. 4, the appar-
ent equilibrium constant (Keq

app = Keq/[CuII], seethe note
for Tab.2) was usedinstead of the equilibrium constant
(Keq) to evaluate the catalytic activity of each copper
complex, since the equilibrium concentration of the
Cu(II) complex which is necessary to calculate Keq was
only available for a few systems (dNbpy,[25] PMDETA[21]

and BPMOA[21]). The rough estimation of the apparent
equilibrium constantswere basedon theassumption of an
externalfirst orderwith respectto bothinitiator andCu(I)
species.

The lower the redox potential, the larger the apparent
equilibrium constantfor theoxidationreaction of Cu(I) to
Cu(II), andthereforethe higher the activity in catalyzing
the polymerization. The higher than expected E1/2 and
Keq

app values for BPMOA, and the lower than expected
valuesfor dNbpy, respectively, may be ascribedto either
low precision of E1/2 or variable [CuII] generatedanddis-
solvedin eachcatalytic system.

It may be interesting to compare the activity of copper
complexes with other metal catalysts in ATRP basedon
their redoxpotentials. In Fig. 5 a redoxpotential chart of
several metal complexesincluding Cu andNi in various
solvents is shown. The nickel complexes are successful
ATRA catalysts, and some of them are also reportedto
catalyze ATRP, including Ni(NCN-H)Br shown in
Fig. 5.[16] The redox potential values are collectedfrom
literaturedata. Unfortunately, due to different solvents
usedfor different complexes,it is not possible to make a
quantitative comparison. Nevertheless, it appearsthat
copper complexes generallyhaveredox potentialvalues
comparableor lower thanthoseof nickel complexes.This
agrees with the reported ATRP kinetics. Copper-based
complexescanbeusedfor avarietyof monomers,includ-
ing methacrylates,styrenesandacrylates,andundermild-
est conditions (highest dilution, lowest temperature).
Typically, Ni complexescanbe applied only in ATRP of
the most reactive monomers such as methacrylates. In
addition, theyrequire longertime to achievehigh conver-
sion,[16] andsometimestheyneedanactivator aswell.[15]

The observedparallel trend of ATRP kinetics and the
redox potentials indicates that electrochemistry may
indeedprovidea screeningwindow for ATRP catalysts.It
seemsthat metal complexeswith redoxpotentialsin the
range between–0.3 V and +0.6 V (versus NHE) may
become usefulATRP catalystsin polymerisation of styr-
ene and (meth)acrylates. When the redox potential is
lower than–0.3V, thecatalytic reactionbecomestoo fast
and may require specialtechniques for controlled poly-
merization, due to excessiveradical termination. On the
other hand, when the redox potential is higher than
+0.6 V, thepolymerizationrate is too slow to bepractical.
Furthermore,outer sphereelectron transfer sidereactions
(Eq. 3 andEq.4) mayreadily occur andsurpasstheatom
transfer reactionwhen the redox potential of the metal
complex is too low or too high.

Tab.2. Bulk polymerization of methyl acrylate (MA) by
ATRP. Catalyst: CuBr with differentligands.

Ligand DNbpy BPMOA PMDETA TPMA Me6TREN

Initiator EBP EBP EBP EBP EBP
M/I 232 232 232 232 232
I/CuBr/L 1/1/2 1/1/1 1/0.2/0.2 1/0.2/0.2 1/0.1/0.1
Temp.(8C) 50 50 50 50 50
Time (h) 8 3.1 7.2 0.9 0.75
Conv. (%) 80 82 55 79 82
M
—

n,th 15960 16320 10860 15800 16320
M
—

n,sec 17470 14400 8170 15200 16920
M
—

w /M
—

n 1.27 1.12 1.21 1.05 1.07
Keq

app(M–1)a) 8.9610–7 2.5610–6 2.6610–6 4.1610–5 1.0610–4

Ref. [20] [21] Thiswork [21] [20]

E1/2 (V) –0.052 –0.033 –0.072 –0.242 –0.298

a) Keq
app is calculated as the slopeof –ln(1 – Conv/100)vs. time

plot divided by the propagationrateconstant(kp, assumedto
besimilar to that of butyl acrylate,which is 2.76104 M–1 s–1

at 508C),[28,29] original concentrations of the initiator ([I] 0)
andthecatalyst ([CuI]0), i. e.

Kapp
eq �

Keq

�CuII � �
dln��M�0=�M��

dt N kp N �CuI �0 N �I�0

Fig. 4. Correlation between ATRP kinetics and the redox
potentialsof theCuBr complexes.
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Fig. 5. Redoxpotentialsof somemetal complexes.Ref.: nickel complexesin acetone[18] and CH2Cl2,[17] coppercomplexes with
linear tetramineligands(Cu(N4Me6), Cu(N4H2Me4))[27] andother coppercomplexesin aqueoussolution.[26] The valuesof E1/2 of the
nickel complexesarecalculated basedonpublisheddatavs.Fc/Fc+ (0.55V vs.NHE).
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It should be emphasizedthat the cyclic voltammetric
measurementsin this studywerecarriedout undercondi-
tions quite different from those of ATRP, especiallyin
termsof the solventand the temperature.Therefore, the
measuredredoxpotentialcanonly beusedasa reference
in evaluating the activities of the metal complexes in
ATRP. Moreover, redoxpotentialsusually provide infor-
mation on outer sphereelectron transfer between the
metal complexand the selectedelectrode. It may not be
fully relatedto atomtransfer reactionsalone,which rather
proceed through the inner-sphere electron transfer
betweenthe metal complex and an organic compound.
How to correlatethetwo-electrontransfer processes,both
thermodynamicallyandkinetically moresufficiently, is a
subjectof a futureinvestigation.

Conclusion
Several copper complexes that catalyze atom transfer
radicalpolymerization successfully were studied by cyc-
lic voltammetry. A generaltrendof thevariationof redox
potentials by changing the ligand and the anion was
observed, and this trend is in agreementwith the activ-
ities of the complexesin ATRP. This result indicatesthat
an electrochemical approachcan serve as a qualitative
tool to select possible ATRPcatalyst.
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