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Kinetics of heterogeneous atom transfer radical polymerization of
styrene by using bis(1,10-phenanthroline)copper bromide

Guang Lou Cheng, Chun Pu Hu, Sheng Kang Ying*

Laboratory of Living Polymerization, East China University of Science and Technology, Box 289,
130 Meilong Road, Shanghai 200237, P. R. China

(Received: June 18, 1998; revised: September 14, 1998)

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 ' 1€ €quilibrium constant and the overall rate of poly-

commercial processes because of the wide scope of sdﬂ?”za“"” for such an ATRP _system can be expressed as
able monomers and the simplicity of polymerization con" Eq. (2) and Eq. (3), respectively.
ditions”. However, it is always considered to be unable to Ko [P [Cu(I)X]

afford polymers with well-defined structures and con- Ke = Keeat  [PuX][Cu(l)] )
trolled molecular weights because of the unavoidable

irreversible termination of propagating polymer chains K[PX][Cu(l)]  Ke[RX][Cu(l)]

such as radical recombination and/or disproportion&tion [Pl = [Cu(InX] = [CU(INX]

On the other hand, if a fast equilibrium between propagat-

ing radicals and some polymers, which is similar to an Ke[RX][Cu(l)]

equilibrium between propagating cations and non-propa- R = K[M][P] = &W[M} 3

gating halogen terminated polymers in living carbocatio-
nic polymerizations®, was established in free radical Kinetic studies on styrene (St) polymerization by using
polymerization, the impact of the termination upon thehe heterogeneous 1-phenylethyl chloride (1-PECI)/CuCl/
final product of radical polymerization would be mini- bpy system showed kinetics of order 1, 0.4, and 0.6 with
mized. In fact, many controlled radical polymerizationgespect to the concentrations of RX, Cu(l) and bpy,
have been achieved based on this {d€aOne of them respectively. The homogeneous 1-PEBr/CuBr/dNbpy/St
was atom transfer radical polymerization (ATRP) In  systend exhibited first-order kinetics with respect to both
this case, a cuprous complei-situ formed from the RX and Cu(l) concentrations but the polymerization
coordination reaction of 2'dipyridine (bpy) or 4,4di-  kinetics were not simply inverse first-order with respect
(5-nonyl)-2,2-bipyridine (dNbpy) with cuprous halide to the initial Cu(ll) concentration.
during polymerization, was used as a catalyst, and an1,10-Phenanthroline (phen) is a less expensive ligand
organic halide was used as an initiator to promote thgnd it is a more rigid molecule as compared to bpy with a
controlled radical polymerization, and to produce polyflexible C(2)-C(2) bond concerning the rotation. In addi-
mers with predetermined molecular weights as well agon, the oxidation-reduction potentials for bpy and phen
narrow polydispersities. The ‘living’ nature of the ATRPcomplexes (the redox potentials of Cu(bl) and
was ascribed to a fast equilibrium between the propagatu(phen)Cl are +120 mV and +174 mV, respectively)
ing radicals(P;) and non-propagating halogen terminateghow that phen stablizes the Cu(l) state rather than bpy
polymers (R-X) accompanied by a Cu(l)/Cu(ll) redox possibly because the former has a more delocalized elec-
equilibrium, as indicated in Eqg. (1), where M and L standronic structure whose* orbitals contribute accordingly
for monomer and bpy or dNbpy: more to the n-back-bonding interactidf. However,
Ko . Hajek et al. concluded that phen/CuCl showed a higher
P—X+Cu()2L = P, FCuixizL (1) catalytic activity and selectivity than bpy/CuCl in atom
QM) transfer radical addition (ATRA) reactiols Regarding
ko the aforementioned background, it is encouraging to
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investigae the feasibility of ATRP catalyzel by the CuX/
phencomplex. We and Destaracet al. havereportedthat
RX/CuX/phenis also an effective systemto control the
polymeriztion of styrené®'®or metyl methacylate'®.

It shouldbe pointedout thatin both bpy(dNbpyYCuX
and phen/CX systens studed, the ligands and the
cuproushalideswere separatelyaddedto the ATRP sys-
tem.In suchacasethecoordinatonreadionsbetweerthe
cuproushalidesandligandsshouldtake placeduring the
polymerization processgiving riseto conmplicatedkinetic
analysisof the ATRPR In this communication,in orderto
avoid the effect of this coardination reactionon ATRR,
bis(1,10-genanthrdhe)copper bromide [Cu(phen)Br]
waspre-syrhesizedandwasdirectly usedasa catalstin
kinetic studiesof styrene ATRP initiated with a model

N\ /N
Cu Br
AN

N =

.

compound, 1-phenylehyl bromide(1-PEBr). The expei-

mentalresultsshowthatthe amaunt of the catalyst haslit-

tle effect on propagéon ratebut hasanappeciableeffect
on deviations from the first-order kinetics. Some other
kinetic paraneterssuchasthereacton orderwith respect
to the initiator andthe apparenactivation enegy for this
systemarealsoreported.

Experimental part

Materials

Styrene (99.0%, ShanghaiNo.1 Chemicals Factory) was
vacuumdistilled two timesfrom CaH, just beforeuse.CuBr
(99.5%, ShanghaiNo.3 Chemicals Factory) was purified
according to a known proceduré. 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-phenanthrolig)-
copperbromide [Cu(phen)Br] was preparedaccordingto a
knownproceduréb,
Ci2H16N4BrCu (359.9 Calc. C57.14N11.11 H3.17
Found C57.01N 11.14 H 3.18

Polymerization

To a previouslydried round bottom flask, the solid catalyst
was added. After the flask was degassedhree times, the
liquid reagentsi. e. styreneandinitiator wereintroducedvia
a syringe.The flask wasthenimmersedin an oil bathther

mostattedat the desiredtemperatureand the heterogeneous

systemwasmagneticallystirredunderargon atmosphereAs
soonasthe systemwas heatedto the desiredtemperaturea
certain amount of sample was taken from the flask and
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recordedas a starting point of polymerization. At timed
schedule the sameamountof samplewas withdrawn from

the flask andwasinjecteddirectly into gel permeatiorchro-
matographyto measurehe molecularweightandpolydisper

sity of the producedpolystyrene(PS). Samplesfor kinetic
experimats were dissolvedin tetrahydrofuran(THF) and
then precipitatedin methanol.The PS was then filtered off

andevaporatedo drynessn vacuumto calculatethe styrene
conversion.

Characterization

Gel permeationchromatographyGPC) analysisof polymer
wasperformedat a flow-rate of 1.0 ml/min in THF at 25°C
by using a Waters 150 componentsystem(refractive index
detector) equippedwith Ultra-u-Stragel columns (100 A,
1000 A and 10000 A) after calibrationwith standardpoly-
styrenes!H NMR spectraof PSwere recordedat 20°C in
CDCl; with a Brucker DPX-300 spectrometeioperatingat
300.13Hz. Peaksin *H NMR spectrawere assignedaccord-
ing to ref2?

Resultsand discussion

Dependencef the propagationrate on Cu(phen)Br
catalystconcentratio

We startel our studies with the investigaton of the
dependenceof readion rateson catalst concentation.
The copper catalyst concentation was varied from
6.78x10° m to 452x102 m (i.e., 0.15 to 1.0 with
respectto initiator concentration)andthe otherpolymeri-
zation parameg¢rswere kept constant.Fig. 1 presentghe
dependenceof In[M]o/[M] on reactiontime for the 1-
PEBr/Cu(phenBr/St system Within an experimendl
error, the apparentrate constants(k**), estinated from
the maximumslopesof thefirst-orderkineticscurves,are
neaty identicalfor all catalyst concentrations.This resut
differs from the 1-PEQ/CuCl/bpy/St systen? in which
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Fig.1. First-order time-conversionplots for bulk ATRP of

styreneat 135°C. [RBr] = 4.52x 1072 m. Parametefs theinitial
catdyst concentation
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Fig.2. Thedependencef molecularweight (M, solid points)
and polydispersityindex (Pl. = M./M,, open points) upon the
monomerconvesion for bulk ATRP of styreneat 135°C. [RBr]
=4.52x 102m. Parameteis theinitial catalystconcentration

the ordess of kineticswith respectto CuCl andbpy were
0.4and0.6, respectivéy, andmay be attributed to the dif-

ferent catalyst used.For exanple, in the systemstudied
here,Cu(phen)Br wasdirectly used,while in ref.” CucCl
andbpy weresepaately adcedto the polymerizdion sys-
tem. However in the RBr/CuBr/4,4-di-tert-butyl-2,2-

bipyridine (dTbpy) heteogeneas system Matyjaszewski
et al?® havealsofound that changesn concentration of
the initial catalyst (CuBr/dTbpy) showediittle effectson
propagéion rate of ATRP of methacylate and suggestd
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thatit wasdueto the solubility limit of the catalyst.Thus,
it seemghat the solubility limit of ionic [Cu(phen)]*Br-
in non-polar styrenemay be alsorespondble for theinde-
perdenceof kF* of Cu(l) concentration.

Fig. 1 also showsthat a deviation from linear first-
order kinetics occursat a certain conversionfor these
ATRP systens. A similar phenonenon has also been
obsevedin styreneATRP by using the 1-PEBr/CuB/bpy
systemd® and it was ascribedto sonme side reactons
including eliminaion and terminatior?®. Furthermae,
becase termimation also reduces[Cu(l)] and increases
[Cu(ID)], for the systemcontaining a lessamountof the
initial catalysts, the cuprous catalsts may be degeted
earier, resuting in earlier deviation from linear first-
orderkinetics,asshown in Fig. 1.

The molecuar weight and polydispersiy index (P.Il. =
M./M;) of the producel polystyrens (PS)undervarious
corcentrationsof the coppercatalyst were further exam
ined, as shownin Fig. 2. In all casesM, increaseswith
the increaseof monomerconverson. Narrow polydisper
sities are observed(1.2 < Pl. < 1.5) and they are not
affectedby the amountof the copper catalyst used.How-
ever M, tendsto deviate from values calcuated by
assumingthatone 1-PEBrinitiatesonePSchain.In order
to gaininsightinto the natue of this deviaion, we inves-
tigatedthe 'H NMR spetrumof the formed PSasshown
in Fig. 3. The peakat4.5ppmis attribuedto the metine
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Fig. 3.
in Fig. 1

H NMR spectrumof polystyrenepreparedusing[1-PEBr]/[Cu(phen)Br] at 135°C. Polymerizaion conditionsasindicatied
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Fig.4. First-order time-convesion plots for bulk ATRP of
styreneat 135°C. [Cu(phen)}Br] = 4.52x 102 m. Parameteis
theinitial initiator concentration

protongeninal to bromine, while the peakat 1.0 ppm s
assignedo the methyl groupfrom the initiator. Theratio
of the integrded areasof the methyl groupto the proton
geminalto bromine is 3:1, indicating that eachbromine
end group resultedfrom one initiator 1-PEBr Further
more, becaise this spectrum doesnot show any peakat
3.9ppm,whichis always assignedo the protonsin oligo-
mers prodwced by self-initiation through the Mayo
mechaisnt®, so the deviation of experimemal M, from
the calcdated valuesin Fig. 2 shouldnot originatefrom
self-initiation?®.

Dependene of propagationrate on initiator
concentraion

Fig. 4 denonstrats the first-order plots for various con
centrationsof 1-PEBr initiator. It is shown that with
increasinginitiator concentation the rate of polymeriza-
tion increasesA bilogarithmic plot of the apparet rate
constantkg®® vs. initial initiator concentation [I] , givesa
slopeof 0.94, asshownin Fig. 5. This indicates that the
reaction order with resgect to initiator concentration is
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Fig.5. Reactionordersfor the initiator, 1-PEBt in the bulk
ATRP of styrene
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approximately unity whichis in goodagreementwith the
1-PECI/CuC/bpy/St’ and 1-PEBVCuBr/dNbpy/St sys-
tems®),

Dependencef propagationrate ontemperatue

The effect of tempeature on the rate of polymerizdion

was studed over a tempeature range from 110°C to

135°C. Fig. 6 shows thefirst orderkineticsplots. Thelin-

earty betweenn[M] ¢/[M] andtime in all casesndicates
that the concentation of growing speciesremairs con-
stantandki® increasewvith increasiny the temperatue of

the polymerization.The Arrheniusplot obtainedfrom the
experimentalresultsin Fig. 6 is givenin Fig. 7. Thus,the
apparent activation enegy was calcdated and found to

be at 75 kJ - mol™. Suwch an apparentactivation enegy is

higher than that reportedfor the homogneousdNbpy

CuBr ATRP system(50 kJ - mol—%)?.

As reportedby Matyjaszewski et al.?” and Haddleto
et al.?®, a four-coodinatedtetrahedal Cu(l) complex®®
must charge to a pent-coordinged distored squae-
basedpyramical Cu(l) complexX® upona halogenatom
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Fig.6. First-ordertime-convesion plots for the bulk ATRP of

styrene at varying temperature.[1-PEBr] = 4.52x 102 w,
[Cu(phen)Br] = 2.26x 102 m
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Fig.7. Temperaturedepemenceplots for the bulk ATRP of
styrene.[1-PEBr] = 4.52x 10 m, [Cu(phen)Br] = 2.26x 1072
M, slope=8.98
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Fig.8. Thedependencef molecularweight (M,, solid points)
and polydispesity index (open points) upon monamer conve-
sionfor bulk ATRP of styreneat varying temperature[RBr] =
2[Cu(phen)Br] = 4.52x 102 m

transferfrom RX to coppercenterin ATRP. In this cas,
the steric barrier to the corformational charge of
Cu(phen)Br shouldbe largerthanthatfor Cu(dNbpy}Br
since the dNbpy skeleton,in which the two pyridine
groupsare bound by a single bond,is more flexible than
the phenskeleto®. In addtion, as menticned beforé?,
becausehenhasa moredelocalizedelectronicstructure,
whosern* orbitalscontibute accodingly more to n-back-
bondinginteracton, thandNbpy, the Cu(l)/phenconplex
is more stablethanthe Cu(l)/dNbpy complex Therefore,
the radical reaction of bromine atom transferby using
Cu(phen)Br shoud be more difficult thanthat by using
Cu(dNbpy.Br, contribuing to a higher apparentactiva-
tion enegy.

Fig. 8 shows that over all temperaturerangesstuded,
the M, of the PSincreasedinearly with increasimy styrene
conversion,but the deviation from the calculatedvalues
also takes place Furthermoe, Fig. 8 exhibits smalle
polydispesities of the polymersat highertemperatue. It
may be related to a higher kyk;: value andbr a faster
exchangebetweenthe inactive speciesandactive species
dueto a bette solubility of the catalyst/deactivéor in the
ATRP systemat a highertemperature.
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