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SUMMARY: Electron paramagnetic resonance (EPR) spectroscopy was applied to atom transfer radical poly-
merization (ATRP) of methyl methacrylate (MMA) and methyl acrylate (MA) in order to investigate the
mechanism of the controlled/“living” radical polymerization system. Although initially only copper(l) spe-
cies was added to the system as a catalyst, EPR signals of copper(ll) species were observed during the poly-
merization of MMA initiated by ethyl 2-bromoisobutyrate apdanethylbenzenesulfonyl chloride, and poly-
merization of MA initiated by methyl 2-bromopropionate. As the polymerization proceeded, the concentra-
tion of copper(ll) increased gradually until a steady state was reached. The EPR results indicate that 5-6%
of copper(l) species converted to copper(ll) species in polymerization of MMA and about 3% in polymeriza-
tion of MA at 90°C.

Introduction be separately added to the system or can be formed spon-

Controlled/“living” polymerization methods enable pre_taneously by the so-called persistent radical effech

paration of well-defined (co)polymers (with controlled™Ugh estimate of the amount of formed CuiNbipy

i i i i 0
molecular weight, low polydispersities, precise terminaf PECI€S from kKinetic studies was5% based on CuBr/

; > i .
functionalities, as well as with predefined chain architec‘—ijIpy catalyst. Direct measurements of Cu(ll) species

ture and composition). In such systems the contributiotay EPR In s.tyrene ATRP confirmed th|§ va}}ﬂeln this
of chain breaking reactions should be sivall commumcaﬂon the direct EPR determinations of Cu(ll)
Extension of atom transfer radical addition (ATR&) SPEclesn MMA and MA ATRP are reported.

to atom transfer radical polymerization (ATRP) provides Electron paramagnetic resonance (EPR, or electron
a new and efficient way to conduct controlled/living” spin resonance ESR) spectroscopy is a very powerful tool

radical polymerizatiofl. With a variety of alkyl halides, to w_wesnga;e dparamggne?c speé?é§tru.ctures, conc(;an-
R-X (X = Cl or Br), as the initiator and a transition metal"@lions, and dynamics of paramagnetic compounds can

species complexed by suitable ligand(s), CuX/pipyri- be obtained from EPR measurements in the study of radi-

dine, as the catalyst, ATRP of vinyl monomers such ?gal polymerizationS:**. EPR has been previously used to

styrene and (meth)acrylates proceeds in a controlled i letermine concentrations of free TEMPO in nitroxide-

i izati )
ing” fashio®. The resulting polymers have degrees O]medlated polymerlzat|ot;1 of sdtyreﬁew. FurtheLmorre:, ,
polymerization predetermined byA[M]/ﬂ] s up to EPR spectroscopy can be used to investigate the chemis-

M, = 10° and low polydispersities, 1.06 M,/M, < 1.5. t_ry of _para_magneti_c metal complexes. EPR can p_oten-
For example, when 1-phenylethyl chlorfdeor arenesul- t!ally yield information on the local s_tructure, coordina-
fonyl chloride®™ is used as an initiator, and CuCl/4,4 tion structure, symmetry, concentration, and aggregated
diheptyl-2,2-bipyridine or 4,4-di(5-nonyl)-2,2-bipyri- structure of paramagnetic copper(ll) speties

dine (dNbipy) complex is used as the catalyst, styrene

polymerized by repetitive atom transfer radical addition]s:_ .

to yield a well-defined polymer with a narrow molecular xperimental part
weight  distribution  #,/M,=1.05® and M,/ EPR spectra were recorded on a Bruker ESP-300 X-band
M, = 1.30). EPR spectrometer. A 0.2 ml sample of the polymerization

According to kinetic and mechanistic studies of ATRFmixtures was taken from the polymerization systems and put

of vinyl monomers, it was proposed that the polymeriza'-nto an EPR tube (0.d. 4 mm) under argon. The mixture was

tion proceeds by monomer addition to free radicals Whicﬁegassed 3 times by freeze-pump-thaw cycles and sealed

ibl ted b tom t f f under vacuum. Spectra were recorded at room temperature
are reversibly generated by an atom transter process rofge, polymerization at controlled temperature for a given

dormant polymer chains with halide end grg?),dsm these  {ime. Comparison of the apparent rate constants of propaga-
reactions, a small amount of Cu(ll) species serve asign with the absolute rate constants of radical propagation
deactivator which moderates rates and is responsible ferdin[M]/dt = ki = k, - [P"]) indicate that concentration of
maintaining low polydispersities. The Cu(ll) species camgrowing radicals is much higher at polymerization tempera-
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ture ([Pl = 107 M at 100°C) than at either room tempera-
ture or 150K ([P*] < 10 M). However this doesnot affect
concentrationof Cu(ll) specieswhich can changeby less
than0.01%,since[Cu(ll)] > 103 M.

Concentrationsof copper(ll) specieswere estimatedby
doubleintegrationof spectra Spectraof Cu(ll)(trifluoroace-
tylacetonate)in the samemedia at the sametemperature
wereusedasstandards.

Typical polymerization systems employ the following
reagentsatios: MMA/initiator/CuBr/dNbipy (=200/1/0.5/1)
with 50% of PhO and MA/methyl 2-bromopropionate/
CuBr/dNbipy (=200/1/12) with 50% of PhO. Polymeriza-
tion temperatue was90°C for MMA andMA.

Resultsand discussion
A typical schene of ATRP systemis shownin Schemel.
Schemel: Reactionschemeof ATRP
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X = halogen atom
M = MMA or MA

A halogemtedinitiator reactswith a diamagnetic cop-
per(l) complexto form an initiating radcal and a para
magnett coppe(ll) species.The orgaric radical then
initiates a radical polymerizationwhich is controlled by
therevesible deactvation of the propagating radicalwith
paramagetic coppe(ll) speces. In the investigdion of
this reactionby EPR spectracopy initiating radcal, pro-
pagatingradical,andcopper(l) speciesareparamagnet.
In principle, all of thesespeciescould be observedby
EPR spectroscpy; howezer, only the paramagetic cop-
per(ll) speciescanbe observeddueto its high concenta-
tion relative to the organic radicals. Initiating radicals
usuallyhaveshortlifetimes, they arepresentin extremdy
low concentrations and react rapidly with monomerto
form propagting radicalswhich are also presentin low
concentations. The concentation of organic radicalsin
thesesystens is usualy in the rangeof 10®to 107 mal/
L1213, The concentrationof copper(ll) speciesn this sys-
temis abovel0 mol/L (vide infra), whichis 10* or 1C°
times higher than that of the initiating and propagéing
radicalsaccoding to persistentadical effectt®. Thus,the
copper(ll)specisis the predomirant speciebservedy
EPRin ATRPsystens.

Thereslts of time dependece of EPR signalsof cop-
per speces in the ATRP of methyl methacrylag are
shownin Fig. 1.
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Fig.1. EPRspectraof the polymerizationmixture measued at
150K after0, 20, 40, 60, 120, and 195min at 90°C. [MMA] o/
[Ethyl 2-bromoisobutyatel,/[CuBr]o/[dNbipy]o (200/1/0.5/1)in
diphenylether(50vol.-%)

Signalswere measuredat 150K becasemonomerand
solvent (PhO) are polar. The signalfeaturepresentafter
20 min heatingis consideed to be a copper(ll) sigral of
trigonal bipyramidal structuré”. The concentration of
copper(ll) speciesvasestimatedby double integration of
thesesignds. Time depaxdenceof copper(l) conentra-
tions in the ATRP of MMA and MA in dipheryl ether
(PhO), initiated by ethyl 2-bronoisobutyrag, p-mettyl-
berzenesulfayl chloride, andmethyl 2-bronopropiorate
areshown in Fig. 2.

In the caseof the solution polymerizdion of MMA
initiated by ethyl 2-bromoisdutyrate,the concentration
of coppe(ll) increasedapidly andreachel a steadystate
value within 10 min. The steadystateconcentation was
abait 0.6—0.8mM. In the case of the tosyl chloride
initiated system the concentation of copper(ll)increased
gradually reaching a steady state within 60min. The
slightly highersteadystateconcentation of copper(l) in
RBr/CuBr system than in RCI/CuBr system may be
attributedto higherequilibrium constantandhigherradi-
cal coneentrationsin the former systens. Higher radical
corcentrationresultsin more pronouncederminationand
leads to higheroverallconcentrationof Cu(ll) species.
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Fig.2. Plotsof time depemlenceof concentation of coppe(ll)

speciedor ATRP of MMA initiated by ethyl 2-bromoi®butyrate
(») andtosyl chloride (o) in PhO solution(50 vol.-%; [MMA] o/

[RX]o/[CuBrlo/[dNbipy]o: 200/1/0.5/) and ATRP of MA

initiated by methyl 2-bromopropionte (e) in PhO (50 vol.-%;

[MA] o/[Methyl 2-bromopropionte]o/[CuBr]o/[dNbipy]o:200/1/
1/2)
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Fig.3. Plots of time depemenceof propation of copper(l)
speciesformed from coppe(l) speciesby ATRP of MMA ini-
tiated by ethyl 2-bromoibutyrate(A) andtosyl chloride (o) in
PhO solution (50 vol.-%; [MMA]/[RX]o/[CuBr]o/
[dNbipy]o: 200/1/0.5/1)and ATRP of MA initiated by methyl 2-
bromopropimate(e) in PhO (50 vol.-%; [MA] o/[Methyl 2-bro-
mopropionatg/[CuBr]o/[dNbipy]o: 200/1/1/2)

The soluion polymerization of MA wasiinitiated with
methyl 2-bromopopionde and catalyzed with CuBr/2d-
Nbipy at concentation twice higherthanin MMA poly-
merizatbn. In this system the concentrationof copper(ll)
speciesalsoincrease rapidly andreachedsteadystateat
0.8-0.9 mM. In theinitial stage the concentrationof Cu-
(1) wasslightly higherthanthe stead stateconcentation.

The percentageof Cu(ll) formedfrom Cu(l) wascalcu
lated, and the resultsare shown in Fig. 3. In the caseof
the ATRP of MMA, approimately 5-6% of the cop-
per(l) was conveted to coppe(ll) speciesduring the
polymerization,leaving94—95% of copper(l)speciesstill
in monovdent state. This also meansthat only 3% of
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chansteminated,and 97% of chairs arein the dormant
statecapalbe of growth. In the cas of MA, about3% of
Cu(ll) specieswas formed. The propation of formed
Cu(ll) speciesin MA polymeriztion is smaler thanin
MMA polymerizdion, but the propation of terminated
chains is similar due to different concentations of the
catalyst.

In sunmary, we obsened EPRsigral of copper(ll) spe-
ciesin ATRP of MA andMMA . The steadystateconcen-
tration of copper(ll) speciesis appoximately 5—6% for
MMA and 3% for MA of the original copper(l) species
under typical conditions.Thesereslts areconsstentwith
our previouskinetic datd®.
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