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Kinetics of heterogeneous atom transfer radical polymerization of
styrene by using bis(1,10-phenanthroline)copper bromidea
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SUMMARY: The kinetics of atom transfer radical polymerization (ATRP) of styrene using bis(1,10-phenan-
throline)copper bromide was investigated. The concentration of the copper catalyst does not affect the propa-
gation rate but does affect the termination process of polymerization appreciably. With increasing reaction
temperature the molecular weight distribution of the produced PS becomes more narrow. The apparent acti-
vation energy was found to be 75 kJ/mol.

Introduction
Free radical polymerization is one of the most important
commercial processes because of the wide scope of suit-
able monomers and the simplicity of polymerization con-
ditions1). However, it is always considered to be unable to
afford polymers with well-defined structures and con-
trolled molecular weights because of the unavoidable
irreversible termination of propagating polymer chains
such as radical recombination and/or disproportionation2).
On the other hand, if a fast equilibrium between propagat-
ing radicals and some polymers, which is similar to an
equilibrium between propagating cations and non-propa-
gating halogen terminated polymers in living carbocatio-
nic polymerizations3–5), was established in free radical
polymerization, the impact of the termination upon the
final product of radical polymerization would be mini-
mized. In fact, many controlled radical polymerizations
have been achieved based on this idea6–13). One of them
was atom transfer radical polymerization (ATRP)6–8). In
this case, a cuprous complex,in-situ formed from the
coordination reaction of 2,29-bipyridine (bpy) or 4,49-di-
(5-nonyl)-2,29-bipyridine (dNbpy) with cuprous halide
during polymerization, was used as a catalyst, and an
organic halide was used as an initiator to promote the
controlled radical polymerization, and to produce poly-
mers with predetermined molecular weights as well as
narrow polydispersities. The ‘living’ nature of the ATRP
was ascribed to a fast equilibrium between the propagat-
ing radicals�Pn9� and non-propagating halogen terminated
polymers (Pn–X) accompanied by a Cu(I)/Cu(II) redox
equilibrium, as indicated in Eq. (1), where M and L stand
for monomer and bpy or dNbpy:

The equilibrium constant and the overall rate of poly-
merization for such an ATRP system can be expressed as
in Eq. (2) and Eq. (3), respectively.
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Kinetic studies on styrene (St) polymerization by using
the heterogeneous 1-phenylethyl chloride (1-PECl)/CuCl/
bpy system7) showed kinetics of order 1, 0.4, and 0.6 with
respect to the concentrations of RX, Cu(I) and bpy,
respectively. The homogeneous 1-PEBr/CuBr/dNbpy/St
system8) exhibited first-order kinetics with respect to both
RX and Cu(I) concentrations but the polymerization
kinetics were not simply inverse first-order with respect
to the initial Cu(II) concentration.

1,10-Phenanthroline (phen) is a less expensive ligand
and it is a more rigid molecule as compared to bpy with a
flexible C(2)–C(29) bond concerning the rotation. In addi-
tion, the oxidation-reduction potentials for bpy and phen
complexes (the redox potentials of Cu(bpy)2Cl and
Cu(phen)2Cl are +120 mV and +174 mV, respectively)
show that phen stablizes the Cu(I) state rather than bpy
possibly because the former has a more delocalized elec-
tronic structure whosep* orbitals contribute accordingly
more to the p-back-bonding interaction14). However,
Hàjek et al. concluded that phen/CuCl showed a higher
catalytic activity and selectivity than bpy/CuCl in atom
transfer radical addition (ATRA) reactions15). Regarding
the aforementioned background, it is encouraging to
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investigate thefeasibility of ATRP catalyzed by theCuX/
phencomplex. We andDestaracet al. havereportedthat
RX/CuX/phenis also an effective systemto control the
polymerizationof styrene16–18)or methyl methacrylate19).

It shouldbe pointedout that in both bpy(dNbpy)/CuX
and phen/CuX systems studied, the ligands and the
cuproushalideswereseparatelyaddedto the ATRP sys-
tem.In suchacase,thecoordinationreactionsbetweenthe
cuproushalidesandligandsshouldtakeplaceduring the
polymerizationprocess,giving riseto complicatedkinetic
analysisof the ATRP. In this communication, in order to
avoid the effect of this coordination reactionon ATRP,
bis(1,10-phenanthroline)copper bromide [Cu(phen)2Br]
waspre-synthesized,andwasdirectly usedasacatalyst in
kinetic studiesof styreneATRP initiated with a model

compound, 1-phenylethyl bromide(1-PEBr).The experi-
mentalresultsshowthattheamountof thecatalysthaslit-
tle effect onpropagation ratebuthasanappreciableeffect
on deviations from the first-order kinetics. Someother
kinetic parameterssuchasthereaction orderwith respect
to the initiator andtheapparent activationenergy for this
systemarealsoreported.

Experimental part

Materials

Styrene (99.0%, ShanghaiNo.1 Chemicals Factory) was
vacuumdistilled two timesfrom CaH2 just beforeuse.CuBr
(99.5%, ShanghaiNo.3 ChemicalsFactory) was purified
according to a known procedure20). 1,10-Phenanthroline
(phen) (99.5%, Beijing ChemicalsFactory) was recrystal-
lized two timesfrom acetoneanddried underargon.1-Phe-
nylethyl bromide (1-PEBr) (98.5%, Aldrich) was vacuum
distilled under argon before use.Bis(1,10-phenanthroline)-
copperbromide[Cu(phen)2Br] waspreparedaccordingto a
knownprocedure21).

C12H16N4BrCu (359.8) Calc. C 57.14N 11.11 H 3.17
Found C 57.01N 11.14 H 3.18

Polymerization

To a previouslydried roundbottom flask, the solid catalyst
was added.After the flask was degassedthree times, the
liquid reagents,i. e. styreneandinitiator wereintroducedvia
a syringe.The flask wasthen immersedin an oil bath ther-
mostattedat the desiredtemperatureand the heterogeneous
systemwasmagneticallystirredunderargonatmosphere.As
soonasthe systemwasheatedto the desiredtemperature,a
certain amount of sample was taken from the flask and

recordedas a starting point of polymerization. At timed
schedule,the sameamountof samplewas withdrawn from
the flask andwasinjecteddirectly into gel permeationchro-
matographyto measurethemolecularweightandpolydisper-
sity of the producedpolystyrene(PS). Samplesfor kinetic
experiments were dissolvedin tetrahydrofuran(THF) and
then precipitatedin methanol.The PSwas then filtered off
andevaporatedto drynessin vacuumto calculatethestyrene
conversion.

Characterization

Gel permeationchromatography(GPC)analysisof polymer
wasperformedat a flow-rate of 1.0 ml/min in THF at 258C
by using a Waters150 componentsystem(refractive index
detector) equippedwith Ultra-u-Stragel columns (100 Å,
1000 Å and 10000 Å) after calibrationwith standardpoly-
styrenes.1H NMR spectraof PS were recordedat 208C in
CDCl3 with a Brucker DPX-300 spectrometeroperatingat
300.13Hz. Peaksin 1H NMR spectrawereassignedaccord-
ing to ref.22)

Resultsand discussion

Dependenceof thepropagationrateonCu(phen)2Br
catalystconcentration

We started our studies with the investigation of the
dependenceof reaction rateson catalyst concentration.
The copper catalyst concentration was varied from
6.78610–3 M to 4.52610–2 M (i. e., 0.15 to 1.0 with
respect to initiator concentration)andtheotherpolymeri-
zation parameterswerekept constant.Fig. 1 presentsthe
dependenceof ln[M] 0/[M] on reaction time for the 1-
PEBr/Cu(phen)2Br/St system. Within an experimental
error, the apparent rate constants(kapp

p ), estimated from
themaximumslopesof thefirst-orderkineticscurves,are
nearly identicalfor all catalyst concentrations.This result
differs from the 1-PECl/CuCl/bpy/St system7) in which

Fig. 1. First-order time-conversionplots for bulk ATRP of
styreneat 1358C. [RBr] = 4.52610–2 M. Parameteris the initial
catalyst concentration
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the orders of kineticswith respectto CuCl andbpy were
0.4and0.6,respectively, andmaybeattributedto thedif-
ferent catalyst used.For example, in the systemstudied
here,Cu(phen)2Br wasdirectly used,while in ref.7) CuCl
andbpy wereseparatelyaddedto thepolymerization sys-
tem. However, in the RBr/CuBr/4,49-di-tert-butyl-2,29-
bipyridine (dTbpy)heterogeneoussystem,Matyjaszewski
et al.23) havealso found that changesin concentrationof
the initial catalyst (CuBr/dTbpy) showedlittle effectson
propagation rateof ATRP of methacrylate andsuggested

that it wasdueto thesolubility limit of thecatalyst.Thus,
it seemsthat the solubility limit of ionic [Cu(phen)2]+Br–

in non-polarstyrenemaybealsoresponsible for theinde-
pendenceof kapp

p of Cu(I) concentration.
Fig. 1 also shows that a deviation from linear first-

order kinetics occurs at a certain conversionfor these
ATRP systems. A similar phenomenon has also been
observedin styreneATRPby using the1-PEBr/CuBr/bpy
system24) and it was ascribed to some side reactions
including elimination and termination25). Furthermore,
because termination also reduces [Cu(I)] and increases
[Cu(II)], for the systemcontaining a lessamountof the
initial catalysts, the cuprous catalysts may be depleted
earlier, resulting in earlier deviation from linear first-
orderkinetics,asshown in Fig. 1.

The molecular weight andpolydispersity index (P.I. =
M
—

w/M
—

n) of the produced polystyrenes (PS)undervarious
concentrationsof the coppercatalyst werefurther exam-
ined, as shownin Fig. 2. In all casesM

—
n increaseswith

the increaseof monomerconversion. Narrowpolydisper-
sities are observed(1.2 a P.I. a 1.5) and they are not
affectedby theamountof thecoppercatalyst used.How-
ever, M

—
n tends to deviate from values calculated by

assumingthatone1-PEBrinitiatesonePSchain.In order
to gain insight into thenature of this deviation, we inves-
tigatedthe 1H NMR spetrumof the formedPSasshown
in Fig. 3. Thepeakat 4.5ppmis attributedto themethine

Fig. 2. The dependenceof molecularweight (M
—

n, solid points)
and polydispersity index (P.I. = M

—
w/M

—
n, open points) upon the

monomerconversion for bulk ATRPof styreneat 1358C. [RBr]
= 4.52610–2 M. Parameteris theinitial catalystconcentration

Fig. 3. 1H NMR spectrumof polystyrenepreparedusing[1-PEBr]/[Cu(phen)2Br] at 1358C. Polymerization conditionsasindicated
in Fig. 1
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protongeminal to bromine, while the peakat 1.0ppm is
assignedto the methyl groupfrom the initiator. The ratio
of the integrated areasof the methyl groupto the proton
geminalto bromine is 3:1, indicating that eachbromine
end group resultedfrom one initiator 1-PEBr. Further-
more,because this spectrum doesnot show any peakat
3.9ppm,which is alwaysassignedto theprotonsin oligo-
mers produced by self-initiation through the Mayo
mechanism26), so the deviation of experimental M

—
n from

the calculatedvaluesin Fig. 2 shouldnot originatefrom
self-initiation18).

Dependence of propagationrateon initiator
concentration

Fig. 4 demonstrates the first-order plots for various con-
centrationsof 1-PEBr initiator. It is shown that with
increasinginitiator concentration the rateof polymeriza-
tion increases. A bilogarithmic plot of the apparent rate
constantkp

app vs. initial initiator concentration [I] 0 givesa
slopeof 0.94, asshownin Fig. 5. This indicates that the
reaction order with respect to initiator concentration is

approximatelyunity which is in goodagreementwith the
1-PECl/CuCl/bpy/St7) and 1-PEBr/CuBr/dNbpy/St sys-
tems8).

Dependenceof propagationrateon temperature

The effect of temperatureon the rate of polymerization
was studied over a temperature range from 1108C to
1358C. Fig. 6 shows thefirst orderkineticsplots.Thelin-
earity betweenln[M] 0/[M] andtime in all casesindicates
that the concentration of growing speciesremains con-
stantandkp

app increaseswith increasing thetemperature of
thepolymerization.TheArrheniusplot obtainedfrom the
experimentalresultsin Fig. 6 is given in Fig. 7. Thus,the
apparent activation energy was calculated and found to
be at 75 kJ N mol–1. Such an apparentactivation energy is
higher than that reportedfor the homogeneousdNbpy/
CuBr ATRPsystem(50 kJ N mol–1)8).

As reportedby Matyjaszewski et al.27) and Haddleton
et al.28), a four-coordinatedtetrahedral Cu(I) complex29)

must change to a penta-coordinated distorted square-
based-pyramidal Cu(II) complex30) upon a halogenatom

Fig. 4. First-order time-conversion plots for bulk ATRP of
styreneat 1358C. [Cu(phen)2Br] = 4.52610–2 M. Parameter is
theinitial initiator concentration

Fig. 5. Reactionorders for the initiator, 1-PEBr, in the bulk
ATRPof styrene

Fig. 6. First-ordertime-conversion plots for the bulk ATRP of
styrene at varying temperature.[1-PEBr] = 4.52610–2 M,
[Cu(phen)2Br] = 2.26610–2 M

Fig. 7. Temperaturedependenceplots for the bulk ATRP of
styrene.[1-PEBr] = 4.52610–2 M, [Cu(phen)2Br] = 2.26610–2

M, slope= 8.98
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transferfrom RX to coppercenterin ATRP. In this case,
the steric barrier to the conformational change of
Cu(phen)2Br shouldbe larger thanthat for Cu(dNbpy)2Br
since the dNbpy skeleton, in which the two pyridine
groupsarebound by a singlebond,is moreflexible than
the phenskeleton21). In addition, as mentioned before14),
becausephenhasa moredelocalizedelectronicstructure,
whosep* orbitalscontributeaccordingly more to p-back-
bondinginteraction, thandNbpy, theCu(I)/phencomplex
is morestablethanthe Cu(I)/dNbpy complex. Therefore,
the radical reaction of bromine atom transferby using
Cu(phen)2Br should be more difficult than that by using
Cu(dNbpy)2Br, contributing to a higher apparentactiva-
tion energy.

Fig. 8 shows that over all temperaturerangesstudied,
theM

—
n of thePSincreaseslinearly with increasing styrene

conversion,but the deviation from the calculatedvalues
also takes place. Furthermore, Fig. 8 exhibits smaller
polydispersitiesof the polymersat higher temperature. It
may be related to a higher kp/kt value and/or a faster
exchangebetweenthe inactivespeciesandactivespecies
dueto a better solubility of thecatalyst/deactivator in the
ATRPsystemat a highertemperature.
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cules29, 8576(1996)
11) M. K. Georges, R. P. N. Veregin, P. M. Kazmaier, G. K.

Hamer, Macromolecules26, 2987(1993)
12) B. B. Wayland, G. Poszmik,S. L. Mukerjee,M. Fryd, J. Am.

Chem. Soc.116, 7943 (1994)
13) M. Kato, M. Kamigaito, M. Sawamoto,T. Higashimura,

Macromolecules28, 1721(1995)
14) B. R. James,R. J.P. Williams, J. Chem. Soc.2007 (1961)
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