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SUMMARY: The N-oxyl-mediated free radical bulk copolymerization of styrene and n-butyl methacrylate
was studied at 1308C using dibenzoyl peroxide (BPO) and 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO)
as well as polystyrene-2,2,6,6-tetramethylpiperidine-N-oxyl adducts (PS-TEMPO). The main focus was to
describe a rate acceleration by additionally added radical initiator dicumyl peroxide (DCP), since the poly-
merization rates become rather slow with increasing butyl methacrylate content. The effects of DCP on the
polymerization rates and the molar masses were studied and compared with the accelerating effects of cam-
phersulfonic acid (CSA) and acetic anhydride (Ac2O). It was demonstrated that for an equimolar composition
of the monomers, DCP allows a significant rate acceleration up to a factor of 9, depending on the polymeriza-
tion conditions, without causing any appreciable increase in the polydispersity of the copolymers. In com-
parison with not accelerated copolymerizations, even the relative portion of dead chains can be reduced. The
accelerating effects of CSA (factor 4) and Ac2O (factor 2) are distinctly smaller.

ZUSAMMENFASSUNG: Die N-Oxyl-kontrollierte radikalische Substanz-Copolymerisation von Styrol und
n-Butylmethacrylat bei 1308C wurde untersucht, wobei die Bruttopolymerisationsgeschwindigkeit im Zen-
trum des Interesses stand. Als Initiierungs-/Terminierungssysteme wurden hierbei sowohl Kombinationen
von Dibenzoylperoxid (BPO) und 2,2,6,6-Tetramethylpiperidin-N-oxyl (TEMPO) als auch Polystyrol-
TEMPO-Addukte verwendet. Um der drastischen Abnahme der Bruttopolymerisationsgeschwindigkeit mit
zunehmender Butylmethacrylat-Konzentration im Reaktionsansatz entgegenzuwirken, wurde Dicumylper-
oxid (DCP) als zusa¨tzlicher Initiator zur Reaktionsbeschleunigung verwendet. Der Einfluß des DCP auf die
Polymerisationsgeschwindigkeit und die Molmassenentwicklung der synthetisierten Co- und Blockcopoly-
meren wurde untersucht und mit den literaturbekannten Beschleunigungseffekten von Camphersulfonsa¨ure
(CSA) und Essigsa¨ureanhydrid (Ac2O) verglichen. Es konnte gezeigt werden, daß DCP eine signifikante Stei-
gerung der Polymerisationsgeschwindigkeit bewirkt, ohne eine nennenswerte Verbreiterung der Molmassen-
verteilung hervorzurufen. Abha¨ngig von den Reaktionsbedingungen ist fu¨r eine äquimolare Monomerzusam-
mensetzung eine Steigerung der Reaktionsgeschwindigkeit bis zum Faktor 9 realisierbar. Im Vergleich zu
nicht beschleunigten Copolymerisationen ist zusa¨tzlich eine Reduzierung des Anteils an irreversibel abgebro-
chenen Polymerketten mo¨glich. Die Beschleunigungseffekte von CSA (Faktor 4) und Ac2O (Faktor 2) sind
deutlich geringer als die von DCP.

Introduction
The control of the macromolecular architecture has
recently become an important facet of polymer science.
Due to the facile reaction conditions and the large number
of monomers that can be homo- and copolymerized radi-
cally, much interest has been focused on the development
in controlled/“living” free radical polymerization. The
N-oxyl-mediated free radical polymerization process1–7) is
among the approaches most extensively studied. The key
to its success is the reversible deactivation of the growing
polymer radicals (P9) by free stable N-oxyl radicals (N9),
establishing the equilibrium shown in Eq. (1), where kc

and kd are the rate constants of combination and dissocia-
tion, respectively. Irreversible bimolecular termination
reactions were significantly reduced and polymerizations

behave in a pseudo-living fashion resulting in controlled
molar masses and narrow molar mass distribution of the
polymers.

P9 + N9 uuZtu
kc

kd

P1N K = kd/kc (1)

However, long reaction times and a restricted number
of polymerizable monomers limit the usefulness of this
new polymerization process. These disadvantages are
associated with the knowledge about the important func-
tion of the thermal self-initiation of the monomer, which
is mainly responsible for providing a sufficient amount of
radicals to compensate radical losses due to irreversible
termination reactions and thus preventing an excessive
accumulation of free N-oxyl8–12). In the case of a copoly-
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merization, a drasticdecreaseof the polymerizationrate
with increasing content of the non-self-initiating mono-
mercould beexpected.Actually, thecopolymerizationof
butyl methacrylate (BuMA) with styrene (S) becomes
rather slow at a high BuMA content and proceeds in a
pseudo-living fashion only at lower BuMA concentra-
tions, sincethe lengtheningof the reaction time is addi-
tionally associatedwith anincreasing occurrenceof chain
breakingreactions.

In this report,an approachfor a more versatile useof
the N-oxyl-mediated free radical polymerization is
demonstrated with the main focus on the rate enhance-
ment of controlled co- and block-copolymerizations of
styreneandbutyl methacrylate.Theintentionis thesimu-
lation of the missing self-initiation by using small
amountsof a freeradical initiator with a long half-time at
reactiontemperature13–18). To preventlosingcontrol of the
reaction, it wil l be essential that the amount of addition-
ally producedradicals should be in the samerangeor
only a few timeshigher thanthe number of radicalsnor-
mally produced by thermal self-initiation in an N-oxyl-
mediatedstyrenehomopolymerization.Theresultsof this
acceleration concept are comparedwith the accelerating
effects of the rate-enhancing additives camphersulfonic
acid19–21)(CSA) andaceticanhydride22) (Ac2O).

Experimental part

Materialsandcharacterization

Styrene(S, BASF) and butyl methacrylate(BuMA, Röhm)
were distilled under reduced pressure.Benzoyl peroxide
(BPO,Merck) andthe synthesized polystyrene-2,2,6,6-tetra-
methylpiperidine-N-oxyladducts(PS-TEMPO)(seebelow)
werepurified by precipitationfrom trichloromethane/metha-
nol and from toluene/methanol,respectively. 2,2,6,6-Tetra-
methylpiperidine-N-oxyl(TEMPO, Fluka), dicumyl perox-
ide (DCP, Fluka), Ac2O (Aldrich), and CSA (Aldrich) were
usedasreceived.

The brutto polymerizationrates(vbr) werecalculatedfrom
conversionsbelow15%.Conversionsweredeterminedgrav-
imetrically.

Molar massesandmolarmassdistributionswereestimated
by sizeexclusionchromatography(SEC)usinga Knauergel
chromatographequipped with Macherey-Nagelcolumns
103–5and 104–5in series.Measurementswere carriedout
with tetrahydrofuranas eluent and polystyrenestandards
wereusedfor calibration.

Polymerizations

All polymerizationswereperformedin bulk andcarriedout
in batchreactorsundergentlenitrogenpurge and with stir-
ring throughoutthe reaction.The polymerswere recovered
as precipitantsfrom an excessof methanol,purified, and
driedup to weightconstancy.

For the synthesisof the PS-TEMPO-adduct,the reactor
waschargedwith 8.73mol L–1 S and39 mmol L–1 TEMPO.
After 30 min undergentlenitrogenpurge,30 mmol L–1 BPO
wasaddedandthe reactionmixture waspreheatedfor 1 h at
958C to ensurecompleteBPOdecomposition.Subsequently,
the temperaturewasquickly increasedto 1358C to start the
polymerization (time zero).After 445min, the productwas
removed.SECdetecteda Mn valueof 13000 g mol–1 anda
polydispersity (Mw/Mn) of 1.10. The TEMPO group at the
chainendwasapparentin the 1H NMR spectrumandcould
beverified by a chainextensionreaction.

The copolymerizationswere performedat 1308C either
with BPO/TEMPOor with PS-TEMPOadducts(leadingto
poly(S)-block-poly(S-co-BuMA) block copolymers). The
concentrations were 10 mmol L–1 BPO and 13 mmol L–1

TEMPOor 4 mmol L–1 PS-TEMPOadduct.Using the BPO/
TEMPOsystem,the polymerizationswerecarriedout in the
sameway like the synthesisof the PS-TEMPOadduct(see
above).The accelerationadditives DCP (1–7 mmol L–1),
Ac2O (13 mmol L–1), and CSA (5 mmol L–1) were added
after the 958C period.Utilizing the PS-TEMPOadduct,the
reactionwassubsequentlystartedafter 30min undergentle
nitrogenpurge. The rate acceleratingadditives(DCP, 0.5–
4 mmol L–1) wereapplicatedbeforeheating.

Resultsand discussion
Before discussing the accelerating effects, we wil l first
enter into the particularities of the unmodified N-oxyl-
mediated S/BuMA copolymerization. Fig. 1 presentsthe
time-vs.-conversionplots (Fig. 1, B) andthe evolutionof
polydispersity (Mw/Mn) as function of the conversion
(Fig. 1, A) for a series of N-oxyl-mediated S/BuMA
copolymerizations,with a stepwisevariationof themolar
ratios of the monomers. Due to the lack of continuously
thermally self-initiated radicals, the polymerizations
show, in contradictionto conventional free radicalcopol-
ymerizations, a drastic decreasein rate with increasing
BuMA contents.A lengthening of the induction period
before thestartof thepolymerizationscanalsobeclearly
observed. For example, the variation of the S/BuMA
monomer composition from a molar ratio of 9:1 to 4:6
reducesthe brutto polymerizationrate by a factor of four
andlengthens the induction periodfrom 20 min to nearly
120min.

This decreasein rate is correlated with a loss in reac-
tion control, exemplarily demonstrated by thebroadening
of the polydispersity in Fig. 2(A). The increaseof poly-
merization time obviously promotesside reactions like
thermal decomposition of the polymer-TEMPO
adducts23). Additionally, due to the a-methyl substituent
of BuMA, a hydrogen atom transfer from the a-methyl
substituent of the BuMA chain end (P9) to the TEMPO
radical takesplace (Scheme1), giving rise to polymers
with olefinic endgroups(P=) which could be verified by
means of 1H NMR (CH22C, d = 5.45 and 6.2ppm).
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According to recent literature18,24) we additionally assume
that the formed hydroxylamine (NH) reacts with a new
macroradical (P9) through a further hydrogentransfer to
give terminally saturated (dead) polymer (PH) and

reformed free N-oxyl (N9) (Eq. (2) and (3)). Thus, the
hydroxylamineactsasa kind of retarderon thepolymeri-
zation rate. It is evident that all of theseside reactions
leadto a furtherdecreasein rate.

P9 + N9 e P= + N1H (2)

P9 + N1H e P1H + N9 (3)

Fig. 1. Plotsof conversion vs. Mw/Mn (part A) andconversion
vs. reactiontime (partB) for TEMPO-mediatedS/BuMA copol-
ymerizationswith different molar monomer ratios performed
with BPO/TEMPOat 1308C. ThemolarS/BuMA ratiosare9:1
(0), 8:2 (h), 7:3 (j), 6:4 (g), 5:5 (+), 4:6 (6), and3:7 (*).

Fig. 2. Plots of vbr vs. BuMA content in the reaction mixture for TEMPO-
mediated S/BuMA copolymerizations at 1308C. The solid symbols illustrate
non-acceleratedcopolymerizations. The opensymbolsdemonstratevbr valuesof
accelerated copolymerizations; part A: copolymerizationsperformedwith BPO/
TEMPO,partB: copolymerizationsperformedwith PS-TEMPOadduct.

Scheme1: Reversible capping of a BuMA chain end with
TEMPO and the irreversiblechain termination by a hydrogen
atomtransferleading to hydroxlyamineandpolymerswith olefi-
nic end groups (typical side reaction for monomers with
a-methylsubstituent,like methyl-1, 25) or butyl methacrylate).
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For equimolar monomercompositions in the reaction
mixture, the effect of DCP on the brutto polymerization
rates(vbr) is presentedin Fig. 2 usingeither BPO/TEMPO
(A) or PS-TEMPO adducts(B). For each,small amounts
of DCP lead to a significant rate acceleration. For the
BPO/TEMPO system, vbr increaseswith increasingDCP
concentrationsup to 6 mmol L–1 by a factorof 9. An even
greatereffect could be observedin casethe PS-TEMPO
adduct is used. A DCP concentration of 4 mmol L–1

alreadygivesriseto anincreasein rateup to thefactorof
8, resultingin a bruttopolymerization rateof 40%h–1.

The differencesbetweenthe BPO/TEMPO systemand
the PS-TEMPO-mediated copolymerizations may be
found,on the onehand,in a higherconcentrationof free
N-oxyl andon theotherhand in anapproximately3 times
higher numberof growing chains while using the BPO/
TEMPO system. Therefore, according to Eq. (2) and(3),
an increasedoccurrence of side reactions can be sug-
gestedcausing a decrease in rate relative to the PS-
TEMPOsystem. A simpletheoreticalcorrelation between
the DCP concentrationand vbr is quite problematic for
BPO/TEMPO systems,since the kinetic description is
also complicated by effects of the by-productsproduced
by reactions of the N-oxyl with the BPO26) (especiallyin
the initial stageof the polymerization) and accelerating
effectsof the thermalinitiation27). In the caseof the PS-
TEMPO-mediatedcopolymerization analmostlinear cor-
relationbetweenvbr andthe square root of the DCP con-
centrationis found(Fig. 3).

This result is in very good agreement with the kinetic
description of PS-TEMPO-mediated S homopolymeriza-
tions by Fukudaet al.11), assuming a linear relationship
betweenvbr andthe squareroot of rateof initiation (vini),
usuallydueto thethermalself-initiation of themonomer.

Thecontrolled characterof therate-acceleratedcopoly-
merizations is clearly demonstrated in Fig. 4 by rate-
enhancedS/BuMA copolymerizations performed with

BPO/TEMPOat anequimolarmonomerratio.As presup-
posed for a controlledpolymerization process, the molar
masses increasealmost linearly with monomerconver-
sion, within experimental error. The obtained molar
mass-vs.-conversioncurvesare nearly identical, demon-
strating that the added DCP concentrationsdo not cause
an appreciable increasein the total number of chains.
This canon theonehandbecontributedto thequite small
DCPconcentrations,andon theother handto thefact that
the net increasein the total numberof the chains would
only be half of the new initiated polymer chains,if one
assumesa steady-statekinetic (number of new initiated
chains is equal to the terminated ones) and that the
macroradicalsareterminatedpredominantly by combina-
tion with eachother.

Also illustrated in Fig. 4, the polydispersitiesof the
obtained copolymers are small according to the con-
trolled polymerization mechanism,generallyof lessthan
Mw/Mn = 1.4,but could beaslow asMw/Mn = 1.2.A com-
parison of the polydispersitiesof the acceleratedcopoly-
merizations with those performed without DCP even
shows smaller Mw/Mn values for theenhancedones,espe-
cially for conversionsabove15%.

In contrast to this, the use of PS-TEMPO adducts
(Fig. 5, A) resultsin a broadening of the molar massdis-
tribution with increasedDCPconcentrationsandonemay

Fig. 3. Plot of vbr vs. [DCP]1/2 for TEMPO-mediatedS/BuMA
copolymerizations performed with an equimolar ratio of the
monomersandPS-TEMPOadduct at 1308C.

Fig. 4. Plotsof conversion vs. Mw/Mn (part A) andconversion
vs. Mn (part B) for TEMPO-mediatedS/BuMA copolymeriza-
tions(equimolarmonomerratios)acceleratedwith differentcon-
centrationsof DCPandperformedwith BPO/TEMPOat 1308C.
DCPconcentrations(6) 0, (0) 1, (f) 2, (h) 3, (j) 4, (g) 5, (F) 6,
and(H) 7 mmol L–1.
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suggest, at first glance, a loss of reaction control with
increasingvbr. However, this assumption is not correct. In
this case,the discussion of the molar massdistribution
requiresaseparateconsideration of bothblock sequences.
Since side reactions are neglected,the Mw/Mn value of
the resulting poly(S)-block-poly(S-co-BuMA) diblock
copolymercan be given according to Tanakaet al.28) by
meansof Eq. (4), where index A stands for the polysty-
rene sequenceand index B for the poly(S-co-BuMA)
block sequence, respectively. The weight fraction of the
sub-chainsis given by x, Y represents the heterogeneity
parameter expressedby Yi = (Mwi/Mni)–1 with i = A or
i = B.

Mw/Mn = 1 + xA
2YA + xB

2YB (4)

Thus,usingEq. (4), theSECresultsof thePS-TEMPO
adduct and of the resulting diblock copolymers allow a
calculation of the polydispersity of the copolymer
sequence(MwB/MnB). The results areshown in Fig. 5(B).
The effect of the rateacceleration on the MwB/MnB of the
copolymer sequence is significantly smaller as assumed
first from Fig. 5(A). Obviously, the main differences
regarding the polydispersity of the complete diblock
copolymer could be contributed to differencesin the
chain length of the copolymer sequence relative to the
polystyrene sub-chain. If the polydispersities of the
copolymer sequencesare comparedwith eachother, the
acceleratedcopolymerizationsalso show smaller Mw/Mn

valuesthanthenon-enhancedones.
Independentof theuseof BPO/TEMPO or PS-TEMPO

adducts,the increasein thepolymerizationrate obviously
leads to a decreaseof the relative portion of the side
reactions discussedabovebecauseof the shorterreaction
time. Moreover, the portion of irreversibly terminated
polymer chainscanbe assumedqualitatively via the fol-
lowing chainextensionexperiment.Startingmaterials are
poly(S-co-BuMA)-TEMPOadductssynthesized with and
withoutDCP. Theywere takenat samemonomerconver-
sionandpossessalmostidentical Mw values.Both copol-
ymers were polymerized with styreneunder the same
reaction conditionsandthe finally obtainedblock copol-
ymer products were takenat nearly the sameconversion.
The experimentsand the SEC dataare given in Tab.1.
TheSECcurvesareshownin Fig. 6.

It is obviousthat theproduct resultingfrom thepoly(S-
co-BuMA)-TEMPO adduct synthesized using DCP has
lower Mn andMw valuesanda narrower molar massdis-
tribution, demonstratedby the smaller polydispersity and
the SEC tracesthat show a weaker tailing in the low-
molecular-weightregion. All this reflectsa betterreaction
control and a greateramountof growing chains, which
consequentlydemonstrates a lessnumberof irreversibly
terminated chains, regarding the starting copolymer
synthesizedwith DCP.

To comparetherate accelerationobtainedby DCPwith
the rate enhancement using organic acids or acylating
agents, we also performed TEMPO-mediated S/BuMA
copolymerizations in the presenceof camphersulfonic
acid(CSA) andaceticanhydride (Ac2O).

Fig. 5. Plotsof reactiontime vs. Mw/Mn (part A) andreaction
time vs. MwB/MnB (part B, datacalculatedaccording to Eq. (4))
for TEMPO-mediated S/BuMA copolymerizations (equimolar
monomer ratios) acceleratedwith different concentrationsof
DCPandperformed with PS-TEMPOat 1308C. DCPconcentra-
tionsare(6) 0, (9) 0.5,(0) 1, (f) 2, and(j) 4 mmol L–1.

Tab.1. Chainextensionexperiment: descriptionof theexperiment andSECdataof thestartingandof theresultingproducts.

Temperature Time DCP Conversion Mn Mw Mw/Mn

( 8C) (min) (mmol L–1) (%) (g mol–1) (g mol–1)

Startingcopolymer a 130 75 5 23.5 19100 24500 1.28
Startingcopolymer b 130 420 0 21.9 16500 23200 1.41
Productc from aa) 115 300 0 29.8 54100 73100 1.35
Productd from ba) 115 300 0 30.1 57000 134700 1.82

a) [4 mmol L–1].
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For both additives,significant rateaccelerationsof N-
oxyl-mediatedstyrenepolymerizationswere observed. In
thecaseof CSA,Georgeset al.19,20) reporteda decreaseof
the TEMPO concentration,alreadyat the beginning of
the polymerization, leading to an additional decreasein
thelength of theinduction period. A direct reactionof the
additive with TEMPO is assumed. Baldovi et al.21) also
found a decreasein the rateof combination (kc) between
the N-oxyl and the growing macroradical. The complete
mechanism of the rate enhancement is still unknown.
Sincefor theapplication of CSA a distinct broadeningof
polydispersity wasnoticed,we useda relative smallCSA
concentration of 5 mmol L–1 in order to find a compro-
misebetweenthe positiveeffect of rateacceleration and
thenegative broadening of themolarmassdistribution.

In thecaseof Ac2O,Malmström etal.22) giveareversible
acylationreaction of the lone electron pair on thealkoxy-
amine nitrogen as a possible explanation of the rate
enhancement, which should weakenthe C1O bond and
may promoteits thermaldecomposition.Alternatively, a
reactionof the additive with free N-oxyl is discussed22).
Since the maximum polymerization rate is reportedfor
equimolarAc2O/TEMPOratios,thecopolymerizationwas
performedusingequalAc2O andTEMPOconcentrations.

Fig. 7 demonstratestheevolution of Mn (Fig. 7, B) and
the polydispersity (Fig. 7, A) as function of monomer
conversionusing CSA, Ac2O, or respectively DCP as
additive. The resultsof a non-acceleratedcopolymeriza-
tion are given, too. For all additives the copolymeriza-
tions proceedin a controlled manner. In analogy to DCP,
the polydispersities operating with CSA or Ac2O are
rangingfrom aboutMw/Mn = 1.4 to Mw/Mn = 1.2 andare
smaller thanthe ones of the non-acceleratedcopolymeri-
zation,especially at higherconversions.

Nevertheless,therateaccelerationof Ac2O andCSA is
distinct smaller thantheaccelerationby using DCP. As it
is shownin Tab.2, theapplication of Ac2O realizesadou-

Fig. 6. SECcurvesof thestartingcopolymers (a andb) andtheresultingblock copolymers
(c and d) of the chain extensionexperiment describedin the text and Tab.1. The starting
poly(S-co-BuMA)-TEMPO adduct a was synthesizedwith DCP, while material b was
obtained without any acceleration(distinct longer reaction time). The chainextensionpro-
ductc is theproductof startingmaterial a,andtheproductd is obtainedusingproductb.

Fig. 7. Plots of conversion vs. Mw/Mn (A) and conversion vs.
Mn (B) for TEMPO-mediatedS/BuMA copolymerizations (equi-
molar monomerratios)acceleratedwith DCP ((g) 5 mmol L–1),
CSA ((0) 5 mmol L–1) andAc2O ((f) 13 mmol L–1) in compari-
son to a non-acceleratedS/BuMA copolymerization(6). All
polymerizationswereperformedwith BPO/TEMPOat 1308C.
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bling andtheutilization of CSA a fourfold increaseof vbr,
while DCP leadsto a rate increaseof up to the factor of
almost6 for 5 mmol L–1 DCPor evenup to 9 for 6 mmol
L–1 DCP. A further distinct rate increaseusing Ac2O
should not be possible, as explained by the results of
Malmström et al.22). In thecase of CSA a further increase
in ratewould be correlatedwith a noticeablebroadening
of themolarmassdistribution.

To draw a conclusion, the utilization of an additional
initiator with a long half-time like DCP seemsto be the
most effective method for a rate acceleration of an N-
oxyl-mediated S/BuMA copolymerization processwith-
out causingvisible negative effects regardingthereaction
control. In comparison with non-accelerated S/BuMA
copolymerizations,therelativeportion of deadchainscan
evenbe reduced.In general, this methodshould offer a
moreversatileuseof N-oxyl-mediatedfree radical poly-
merization processesby making the polymerizationsless
dependent from the self initiation of the polymerized
monomers, as very recently also shown by Fukuda et
al.18) aswell asBeathgeet al.17)
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