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SUMMARY: The influence of temperature on nitroxide-controlled living radical polymerization of styrene
was examined. It has been established that only in a temperature range€ Gftb1160°C nitroxides are able

to control radical polymerization. At temperatures above°TBthe reaction was of rather a free radical cha-
racter. The results were similar for all the various nitroxides used as capping agents: TEMPO (2,2,6,6-tetra-
methylpiperidine-N-oxyl), 4-hydroxy-TEMPO, 4-oxo-TEMPO and 4-acetamido-TEMPO. Differences were
found only in the induction times of polymerization and were probably due to side reactions with the initiator
(benzoyl peroxide). Living radical polymerization can be best controlled with these nitroxides at temperatu-
res between 12@ and 140C.

ZUSAMMENFASSUNG: Der Temperatureinflu? auf die N-Oxyl-kontrollierte radikalische Polymerisation
von Styrol wurde untersucht. Nur in einem Temperaturbereich voritis 150C sind N-Oxyle in der

Lage, die radikalische Polymerisation zu kontrollieren. Bei Temperatefe§0°C geht die Reaktion mehr

und mehr in eine normale radikalische PolymerisatiberuEs wurden 2,2,6,6-Tetramethylpiperidin-N-oxyl
(TEMPO), 4-Hydroxy-TEMPO, 4-Oxo-TEMPO und 4-Acetamido-TEMPO untersucht. Unterschiede wurden
nur in den Induktionszeiten und auch nur bei Reaktionen mit Radikalstarter (Benzoylperoxid) gefunden. Die
beste Kontrolle der radikalischen Polymerisation findet zwischeri@20hd 140C statt.

Introduction DSC studies of living radical polymerization of styrene at
The current techniques of applying stable nitroxyl ragidifferent temperatures. The DSC is used simultaneously

cals (N*) to control free-radical polymerization can hedS thermoanalytical instrument and as “reactor” allowing
the simple investigation of polymerization at high

regarded as an ideal synthetic route to produce polym Y o oe )
with a well-defined, narrow polydispersity index. It com-€MPeratures and with high conversion.
bines the simplicity of the technically important radical

polymerization with some advantages of the living poly-

merization. In recent years, great interest has bedbxperimental

devoted to this “living” radical polymerization. The key

step in keeping the radical polymerization in the livingmaterials

state s the reversible clegvage of the polystyrene—n|trox)§tyrene (Aldrich) was distilled under reduced pressure. Ben-
adduct (PS-N) as shown in Eq. (1). zoyl peroxide (BPO, Merck) was purified by recrystalliza-

; tion from chloroform/methanol. 2,2,6,6-tetramethylpiperi-
PS-N = = P* + N* dine-N-oxyl (TEMPO, Fluka), 4-hydroxy-TEMPO (OH-
M TEMPO, Aldrich), 4-oxo-TEMPO (His) and 4-acetamido-
P @ TEMPO (His) were used without further purification. Mole-
k, cular weight distributions and molecular weights were esti-

The equilibrium between the dormant (PS-N) andnated by gel permeation chromatography (GPC) using

growing species, P*, is described by the equilibrium conVaters 150CV  GPClviscosimeter equipped with Styragel
stantK which is around 16* mol L-*%. The rate of propa- HT3, HT4, HT5 columns. The GPC measurements were per-

gation of styrene is independent of the adduct concentrirMmed with tetrahydrofuran as eluent; polystyrene standards

tion but closely dependent on the thermal initiation, ' o1° used for calibration. - .
L . '’ The PS-N-oxyl adducts (macroinitiator) were synthesized

which is necessary to compensate for the radical l0oss dyf-patch-reactors as describe@iPS-TEMPO: M = 5400 g

ing polymerizatiof. . _ _ mol, polydispersity Pd = 1.19; PS-4-oxo-TEMPO:, M
Experimental studies of high conversion and high ten4200 g mot!, Pd = 1.28; PS-4-acetamido-TEMPO:, M

perature reactions are not common. This paper deals witi300, Pd = 1.33.

* Correspondence author.
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Differential scanningcalorimetry

The bulk isothermal polymerizationswere investigatedin
steel-pang120 uL) usinga DSC 25 (Mettler-Toledo Star).
Sampleof 50 uL solutionwereplacedinto the DSCat50°C
andheatedup quickly to thedesirectemperature.

The polymerization sampleswith BPO and nitroxides
were stored at 95°C for 1h before being heatedto the
desiredreactiontemperatureAll reactionswere performed
until conversiorwascomplete.

Resultsand discussion

In order to understad the tempeature dependeoe of

nitroxide-cotrolled polymeriztion, three kinds of sys-

temswereexamned:

— bulk polymeization of styrenewith BPO as radical
initiatorandN* (BPO/N* = 1/1.3);

— bulk autgolymerization of styrenewith 3 mmad L
N*;

— bulk polymeization of styrenewith 3 mmol L= PS-N.

Inductionperiod

To ensurethat all the radcal initiator was consumed
beforethe “living“ polymerizaion began, a pre-plymer
ization stepwas performed. After heatingthe monomers
to the reacton tempeature,the systemshowsan induc-
tion period whereno polymerizaion takesplace. During
this periodtheinitial excessof N* is reducedby thermal
initiation of styrene.

Contrdled radicalpolymerization perfaomedwith BPO
and nitroxyl radcals (N*) shows an induction period
which s strongly dependenton tempergure andnitroxide
concentation. Fig. 1 showsthe differencesbetweenthe
usednitroxides.

4-Oxo-TEMPO has nearly no induction time in con-
trast with other nitroxides. For a cleaer understandag,
experimens were carried out without radical initiator
BPO (styrere with 3 mmol L=t N*). This nitroxide-con-
trolled autopolynerization reveds no differences
betweenthe nitroxyl radcals, indicating that any varia-
tionsin inductiontime originatefrom sidereactons of 4-
oxo-TEMPO with BPO or independentdecanposition
reactiors of 4-oxoTEMPO (Schemel). This concurs
with theresuts of the polymerizationsof PS-Nin styrene
where no differencesbetweenthe various nitroxyl radi-
calswerefound(Fig. 2). If it is assumedthatfor polymer
ization with only PS-Nadducts(macroiritiators) thereis
no excessof N* there is still an induction period
observedat lower temperatures It is, howeve, signifi-
cantly shorterthan for the expeiment carried out with
free N*.

It is believedthat semndaryreactiors of BPO with 4-
oxo-TEMPO occu through hydrogen abstradbn from
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Fig.1. Induction time of styrene polymerization with 0.02
mol L BPO and0.026mol L1 N*.
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Fig.2. Induction time of styrene polymerisationwith 0.003
mol L-1 PSN.

nitroxide by benzoylxy radcals. This resultsin benzoic
acid and an unsaturged nitroso compound 1, which can
undergo intramolecular “ene” reactiors and prodice
hydroxylamine 2%. The carbony groupof 4-oxo-TEMPO

activateshydragen atomsin the 3 and5 positionsof the
piperidinering®, which resultsin alower relative stability
thanthe unswstitutedTEMPO (Schemél). The hyroxyl-

amine 2 canalsobe formedby anindependentdecanpo-
sition reacton of nitroxides.

Schemel.
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Temperatue dependencef nitroxide-contolled
styrenepolymerization

In orderto investigae the behavior of living radicalpoly-
merizatbn within a wide tempeature profile, the reac-
tions were performed in the range of 100-220°C. The
resultingpolymerswere exanined and comparedaccord-
ing to their numbe-averagemolecular weights(M,) and
the polydispersity index (Pd). The results of 4-oxo
TEMPO are discussedsepaately (Fig.3 and Fig. 4).
They areusedasan exanple for all examinednitroxides
(Fig. 5 andFig. 6), asa comparisonof the examinednit-
roxidesshowed no remarkabé differences.

For compargive purposesthe autgolymerization of
styreneis carriedout in the sametempegturerange. The
M, for thermal polymerization of styrenedeceaseswith
rising temperatue dueto the increasedhermal initiation
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Fig.3. M, vs reaction temperaturestyrenewith BPQ/4-oxo-
TEMPO = 1:1.3 (mol/mol) and thermally producedpolymer
(100%convesion).
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Fig.4. Pdvs reaction temperatue; styrenewith BPO/4-0x0-
TEMPO = 1:1.3 (mol/mol) and thermally producedpolymer
(100%convesion).
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Fig.5. M, of styrenepolymerizationwith 0.02 mol L= BPO
and0.026mol L1 N* (variousnitroxides,100% conversion)
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Fig. 6. Pd of styrene polymerization with 0.02 mol L™ BPO
and0.026mol L1 N* (variousnitroxides,100% conversion)

(Fig. 3). For the nitroxide-controled radical polymeriza
tion a differert behaviorcanbe expected.

It is assumd that evely growing chainis cappedwith
N*, sothe molecularweightis strongly dependeton the
nitroxide concentation. A lower N* concentation leads
to a smallermalecular weight dueto a lower conentra-
tion of growing chans. Fig. 3 showsthe dependene of
M, upan N*-concentrationandtempeature.

In Fig.5, M, of styrene polymeization with various
nitroxides versusreaction temperatureis shown. From
100°C to 120°C, M, increasedor all nitroxide systens
with rising tempeature,causedby an increasd readion
rate. At tenperaturesabovel30°C the increasedhernal
initiation alsoleadsto a higherradical conentration.The
nitroxides are not able to further contrd this as before.
M, decrases as in thermal polymerization and
approachedts experimetal values. Additionally, atthese
raised tempenturesthereis a significant decompsition
of PS-Nadduct® (aswill be explainedlater). The poly-
merization assumesnoreandmorea free radicalcharae
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Fig.7. M, of styrenepolymerizationwith 3 mmol L-* PS-Nas
macroinitiator(variousnitroxides,100%convesion).
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Fig.8. Pdof styrenepolymeiizationwith 3 mmol L-* PS-Nas
macroinitiator(variousnitroxides,100%convesion).

ter with increasimy temperature(Fig. 6). The samerestts
wereobtainedby polymerizingmacroinitiators(PSN) in
styreneat this tempeature (Fig. 7 and Fig. 8). For lower
temperdures the M, increasedto a maxmum limit at
120°C or 130°C andthendecreaseé with increasng tem
peraturedueto theraisedtherma initiation.

A minimum Pdis reathedin the temperaure range of
120-140°C (Fig.4). At lower N* concentations at
100°C, the high Pd is causedby simultaneousthermal
andnitroxide-controled polymerization which thenleads
to abimodal molecula weightdistribution (Fig. 9). These
temperguresfavor the dormantspecie{PS-N).

At temperaturesabovel60°C, the Pdexceed thetheo
reticallimit of Pd= 1.5for corventiond radcal polymer-
ization of styrene.If this broadeningof Pdis only dueto
the increasedhermal initiation, it shodd be possilie to
control the increasd radical conentration with an
adaptel amaunt of N*. Experimentswith N* concenta-
tions up to 0.06 mal L™ at tenperaturesfrom 160°C to
200°C to control the acceleated autgolymerization
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Fig.9. Molecular weight distribution of styrenepolymeriza
tion with 13 mmol L 4-oxo TEMPO (BPON* = 1:1.3) at
100°C and140°C; the autopolymezationat 100°C is shownfor
compaison.
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Fig. 10. PS-Ndecompositionat different temperaturesalcu-
latedfrom the resultsof Fukudaetal.®

showed no deceasein the Pd At thesetemperaturesa
higher N* concentation doesnot leadto a better control
of free radical polymerization. Corsequently there must
be sidereadions. Fukudaet al. discuisseddecomsition
of PS-N (Scheme?), leading to dead-endpolymers (3)
and hydroxylamine®. Alongside the desiredreversille
dissaiation of PSN, upon B-proton abstradon the
resuting radicals decompse. Fukuda et al. found a
decanposition constantof kg = 5.7 10" s andan acti-
vation enegy of E, = 153kJ mol™. In Fig. 10, the calcu
lated decompsition of PS-N at different temperéures
using thesevaluesis plotted to supprt our resuts. At
175°C, there is nearly 90% decompmsition after 1 h.
Chan contrd is not further possilte. This limits the nitr-
oxide-contolled radcal polymerizationto a temperaure
range of 110°C to 150°C.
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Scheme2.

PS

Conclusion

The nitroxide-catrolled styrene polymerizdion was
examinedover a wide tempeaturerange for various nit-
roxides.Experimentswere performedwith andwithout a
radicalinitiator (benzoy permxide) andwith nitroxyl-ter
minated polystyrere macroniators PS-N. In condusion,
polymerization cortrol it is limited to a specifictempean-
ture rangefrom 110°C to 150°C by thermal initiation,
decompaition reactionof PSN adductsand the nitrox-
ides themseles. It is not affected by the concentation
andtype of cappng agent.
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