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Summary 

Nitroxide-mediated free radical polymerizations (NMP) of styrene (St) and methyl 
methacrylate (MMA) were carried out in a room temperature ionic liquid: l-butyl-3- 
methylimidazolium hexafluorophosphate ([bmim]PF6). A bimolecular initiation 
system, benzoyl peroxide (BPO) along with 2,2,6,6-tetramethyl- 1 -piperidinyloxy 
(TEMPO) and a unimolecular initiation system, 2,2,5-trimethyl-3-( 1 -phenylethoxy)-4- 
phenyl-3-azahexane (a-hydrido alkoxyamine, TMPPAH)) were employed. Contrary 
to the results obtained for atom transfer radical polymerization (ATW) and reversible 
addition-fragmentation radical transfer polymerization (RAFT) in the same ionic 
liquid, the molecular weights obtained in NMP were lower with broader 
polydispersities for a wide range of initiator ratios and temperatures due to the non- 
living nature of polymerization. 

Introduction 

The study of radical polymerization has witnessed a renaissance because of the 
discovery of contro1ledi"living" polymerization processes in the past decade (Scheme 
1). Many major advances have occurred in nitroxide-mediated (NMP) polymerization 
[ 1-31, transition metal mediated polymerization [4,5] and reversible addition- 
fragmentation chain transfer (RAFT) polymerization [6,7]. NMP is the oldest of these 
new methods and it has a similar mechanism to the use of iniferters (initiator-transfer 
agent-terminator), which is arguably the first attempt to develop a true living free 
radical polymerization reported about 20 years ago [8]. The principle of NMP is 
summarized in Scheme 1. The key to the success of this approach is that the 
concentration of the reactive chain ends is reduced to an extremely low level by 
reversible termination of the growing polymeric chain. The low overall concentration 
of the propagating chain end will minimize undesired side reactions, such as 
irreversible termination reactions through combination or disproportionation. Thus 
control over the entire polymerization process is achieved since all the chains should 
be initiated only from the desired initiating species and propagation should proceed in 
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a controlled fashion. Georges and coworkers obtained low polydispersity polystyrene 
by bulk polymerization of styrene in the presence of 2,2,6,6-tetramethylpiperidinyloxy 
(TEMPO) and benzoyl peroxide (BPO) at 130°C [9]. While successful in yielding low 
polydispersity products of predictable molecular weight, the poorly defined nature and 
unknown concentration of the initiating species in I this-Drocess resulted in less tan 
ideal control of the polymerizations. Thus Hawker and coworkers developed universal 
initiators for nitroxide-mediated living free radical polymerizations [lo]. Some of 
these initiators can excercise better control over the polymerization of various 
monomers. 
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Scheme 1. Controlled polymerization of styrene with mediating radical 

Over the past several years, room temperature ionic liquids (RTILs) have stimulated 
much interest among the chemistry community for their potential as green “designer 
solvents” and several excellent reviews are available recently [ 11-13], RTILs not only 
show potential for use in separations and as electrolytes, but they are also promising 
solvents for chemical syntheses and particularly for catalysis. The use of RTILs as a 
polymerization medium has also recently attracted considerable interest. Conventional 
or controlled radical polymerization of styrene, methyl methacrylate (MMA), and 
acrylates has been carried out in various RTILs [ 14- 191. Haddleton et al. [ 141 reported 
the first example of transition-metal mediated living-radical polymerization of MMA 
in an RTIL. Rate of polymerization was enhanced compared to other 
polaricoordinating solvents. The removal of the residual catalysts was facilitated by 
the unique properties of the ionic liquid. The reversible addition-fragmentation chain 
transfer polymerization of acrylates, methacrylates, and styrene has also been reported 
in room temperature ionic liquids [ 191. Acrylate and methacrylate polymerizations 
show a living character and lead to well-defined polymers, with narrow polydispersity 
(<1.3); in the case of styrene, the insolubility of the polymer in the ionic liquids stops 
the polymerization at an early stage. 
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Scheme 2. Structure of 1 -butyl-3-methylimidazolium hexafluorophosphate ([bmimIPF,) 
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In this work, the nitroxide TEMPO and a universal alkoxyamine initiator developed in 
Hawker's group were used to mediate free radical polymerizations of styrene and 
MMA which were carried out in 1 -butyl-3-methylimidazolium 
hexafluorophosphophate ( [bmim]PF6, Scheme 2) under various conditions. Since we 
have previously noted enhanced rates of conventional radical polymerization in RTILs 
[15], it was our hope that the use of RTILs in NMP might enhance polymerization 
rates and allow the use of reduced polymerization temperatures (slow polymerizations 
and high temperatures are two of the factors limiting practical implementation of 
NMPs). 

Experimental 

Materials 

Styrene (Aldrich, 99%) and MMA (Aldrich, 99%) were distilled to remove inhibitors 
and stored in calibrated ampoules. [Bmim]PF6 (provided by Sachem Inc.) was washed 
with pure water five times and vacuum-dried torr) for over 24 hours. Benzene 
(Fisher, 2 99%) and dichlorobenzene (DCB, Fisher, 2 99%) were distilled from 
freshly crushed calcium hydride. BPO (Aldrich, 97%) was recrystallized from 
chloroform or acetone. TEMPO was purchased from Aldrich and used as received. 
2,2,5-Trimethyl-3-(1-phenylethoxy)-4-phenyl-3-azahexane was generously provided 
to us by Dr. Craig Hawker of IBM Almaden Research Laboratory and was used as 
received. 

Instruments 

Size exclusion chromatography (SEC) was used to measure molecular weights and 
molecular weight distributions, M,/M,, of organo-soluble polymer samples with 
respect to polystyrene standards (Pressure Chemical Co.). The SEC experiments were 
carried out at 30 "C using a Polymer Laboratories Knauer 501 HPLC pump and 
Knauer 2301 RI detector. Two PSS (Polymer Standard Service) columns were used 
(one l0OA and one linear). The flow rate of the mobile phase (tetrahydrofuran) was 1 
mLlmin. 

Po ly m eriza tion 

All polymerizations were done under high vacuum to ensure that the systems were 
oxygen free. After charging desired amounts of initiator (BPO), TEMPO and solvent 
([bmim]PF6) into a round bottom flask with a constriction, the system was degassed 
for 2 hr and a pre-determined quantity of monomer (styrene) was distilled into the 
reactor. The flask was removed from the vacuum line by heat-sealing at a constriction 
and kept in a pre-heated water bath. The polymerization was allowed to continue for 
the desired time and stopped by precipitation into methanol. In the case of 
copolymerization, the first block was made by the same procedure described above, 
but the polymerization time was shorter (< 4 hr). After taking about 5 mL of solution 
for sampling, the unreacted monomer was pumped away. Then a pre-determined 
quantity of the second monomer (such as MMA) was distilled in the system, and the 
reaction continued for the desired time. The MMA and styrene polymers were isolated 
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gravimetrically, methanol was used to remove residual RTIL, and the pure polymers 
were dried under vacuum. 

Results and Discussion 

Control experiments on nitroxide-mediated radical polymerization of styrene via 
TEMPO-BPO bimolecular initiation system were first tried to make sure proper 
synthesis technique was employed throughout this work. The characterization data are 
summarized in Table 1, where it can be seen that our results are very close to the 
literature values generated under the same conditions [20]. 

Table 1. Molecular weight and polydispersity data for the nitroxide-mediated radical 
polymerization of styrene as a function of the TEMP0:BPO ratio in this work and in the 
literature.a 

This work In literature 
Entry TEMPO.BP0 MI, PDIb Entry TEMP0:BPO M, P D I ~  

(g molP)b (g moP j" 

1 1.12:l 13,800 1.26 1 1.1O:l 15,200 1.29 
2 1 .oo: 1 17,500 1.23 2 1 .oo: 1 16,500 1.35 
3 0.81:l 19,300 1.29 3 0.81:l 19,200 1.38 
4 0.70: 1 17,200 1.48 4 0.70:l 20,100 1.45 
5 0.50: 1 21,700 1.58 5 0.48: 1 21,000 1.60 

a All reactions were carried out in bulk at 135°C for 5 hours with varied TEMP0:BPO ratios, 
BPO:styrene=lOmg:lg; From SEC-RI 

(benzoyl peroxide) (TEMPO) (Styrene 

Scheme 3. Bi-molecular initiation system (BPO+TEMPO) for nitroxide-mediated 
radical polymerization 



13 

The polymerization of styrene, mediated by TEMPO was carried out in bulk, 
[bmim]PF6 and dichlorobenzene and the results are listed in Table 2 (Scheme 3). 

Table 2. Polymerization characteristics (conversion, molecular weight and polydispersity) for 
the polymerization of styrene mediated by TEMPO in bulk and in various solvents a 

PDIC 
1 styrene [bmim]PF6 115168 No polymer 
2 styrene [bmim]PF6 125140 1.9 1,640 1.23 
3 styrene DCB 1 3 0144 16.4 3,250 1.25 
4 styrene [bmim]PF6 130163 21.0 4,260 1.60 
5 styrene [bmim]PFG 135125 16.9 1,070 2.69 
6d styrene bulk 123169 90.0 7,800 1.27 

a Solvent: 20 ml; monomer: 0.02mol; BPO: 0.165 mmol; bMeasured gravimetrically; From 
SEC-RI; Data from reference 1 

T("C)/ Conv. MI, 
t (hrs) (%)b (g mol-'y Entry Monomer Solvent 

Table 3. Polymerization characteristics (conversion, molecular weight and polydispersity) for 
the polymerization of styrene by BPOiTEMPO in [bmim]PF6 using various additives a 

P D I ~  [Additive]/ Conv. M, 
[monomer] (Yo.)' (g moP)d Enky Additive 

1 AA 1.O:l.O 15.9 1,200 1.56 
2 AA 2.6:l.O 23.6 1,100 5.07 
3 AA 3.2:l.O 41.8 1,200 2.13 
4 AA 10.8:l.O 16.9 18,400 2.66 
5 CSA 1 .o: 1 .o 24.1 700 2.71 
6 CSA 2.1: 1.0 18.7 1,250 1.61 

a Solvent: 10 ml; monomer: 0.Olmol; BPO: 0.0412 mmol; BPO/TEMPO=I .00/1.34; 
135C/24hrs; bAA: Acetic Anhydride; CSA: I 0-camphorsulfonic acid; Measured 
gravimetrically; From SEC-RI 

From Table 1 we can see that under all reaction conditions, the polymerization of 
styrene using BPO/TEMPO in [bmim]PF6 produced some polystyrene. However, the 
conversion and molecular weight of the resulting polymers were much lower than 
those obtained from the bulk under similar reaction conditions. Polydispersities were 
generally much higher than expected. One possible explanation is that [bmim]PF6 
interfered with the TEMPO mediated radical equilibrium. The polymerization results 
for styrene in DCB were not as good as those in bulk and the reason is probably that 
DCB can act as a radical chain transfer agent. Georges et al. [21] also reported that 
certain additives can accelerate the BPOiTEMPO initiating reactions of styrene, and 
we thus employed some of these agents. However, the effect in [bmim]PFG was very 
limited as seen in Table 3. 
End-group analysis revealed similar structures for polymers made by the different 
methods but with the ratio of capping agent moiety (TEMPO) to initiator moiety 
(benzoyl) higher in [bmim]PF6 than that in bulk (Figure 1). This was expected since 
there were more chains initiated thermally in this ionic liquids. There were no new 
peaks in 31P NMR reflecting degradation of [bmim]PF6 when BPO, TEMPO and 
[bmim]PF6 were heated together for long time at 135 "C. At 65 "C, TEMPO and 
[bmim]PFG can coexist in the reaction system but there was some slow degradation of 
TEMPO in this ionic liquid [22]. The color of the reaction system turned darker after 
heating, this was also an indication of degradation of TEMPO. 31P NMR technique 
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observed no residual anion (PF6-) in the polymer made in IL. 

Table 4. Polymerization characteristics (conversion, molecular weight and polydispersity) for 
the polymerization of styrene and MMA by TMPPAH in [bmim]PF6a 

MI, P D I ~  T(OC)/ Conv. 
t (hrs) ("h)" (g 

Entry Monomer 

1 Styrene 12514 42.1 2,500 1.75 
2 Styrene 130114 27.8 2,100 1.47 

4 MMA 12514 41.2 28,800 3.1 1 
3 Styrene 85112 2.6 2,400 1.49 

a Solvent: 10 ml; monomer: 0.06 mol; TMPPAH: 0.3 mmol; BPO/TEMPO=1.00/1.34; 
135C/24hrs; bAA: Acetic Anhydride; CSA: 10-camphorsulfonic acid; Measured 
gravimetrically; From SEC-RI 

Scheme 4. Structure of 2,2,5-trimethyl-3-( 1 -phenylethoxy)-4-phenyl-3-azahexane (TMPPAH) 

V 

methyl (TEMPO) 
A 

M =3350 

Figure 1. 'H NMR end-group analysis of NMP polymerized styrene in [BMIM]PF6 and in bulk. 
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Even though BPOiTEMPO displays many of the fundamental aspects of living 
character in the polymerization of styrene, these are not true living systems. While the 
concentration and reactivity of radicals at the propagating chain end have been 
significantly reduced, termination is still not negligible. Hawker and coworkers 
developed various unimolecular initiators, which can better control polymerization 
[lo]. We thus used 2,2,5-trimethyl-3-( l-phenylethoxy)-4-phenyl-3-azahexane 
(TMPPAH, Scheme 4) as a universal initiator and the results are listed in Table 4. Our 
results were not as good as those obtained by Hawker et al. in bulk [lo] but were 
better than those from the BPO/TEMPO system in that higher yields of polymer were 
obtained. It is possible that the difusion of the bulky mediating radical in the ionic 
liquids is not as same as in common organic solvents or in bulk. When the labile C-0 
bond is broken at elevated temperature, the ability of the mediating radical to diffuse 
away from propagating chain end could be hindered by the RTIL, causing 
recombination before another monomer can add to the chain end. Kinetically, free 
diffusion to or out of reaction cage should be a facile process [23]. This may also 
contribute to the observed difference. 
With both initiation systems, attempts to make block copolymer by one-pot 
polymerization through sequential addition of monomers failed and only 
homopolymer was formed, reflecting the presence of dead chain ends after the 
formation of the first block. Note that residual first monomer was removed by vacuum 
prior to adding the second monomer; this strategy was previously used successfully to 
prepare block copolymers in ca. 50% yields by sequential polymerization of styrene 
and MMA in [bmim]PF6 using conventional benzoyl peroxide initiation [24]. 

Conclusions 

The polymerization of styrene and MMA using BPOiTEMPO and 2,2,5-trimethyl-3- 
(1 -phenylethoxy)-4-phenyl-3-azahexane (TMPPAH) as initiators in various solvents 
was studied. The overall results are not as good as those obtained in bulk with regards 
to rate of polymerization, molecular weight control, and polydispersity. Thus, our 
preliminary results fail to indicate kinetic or mechanistic advantages to conducting 
nitroxide-mediated polymerizations in RTILs. These results are surprising since prior 
work on conventional free radical polymerization in RTILs indicated large increases 
in rate of polymerization and molecular weight [15,25], so we had anticipated that 
RTILs could serve as “accelerants or promoters” in these polymerizations. The 
possible causes for the observed non-living “nitroxide-mediated” polymerization 
nature were the slow degradation of TEMPO in [bmim]PF6 at high temperature and 
difficulty in diffusion of the mediating radicals away from the chain ends. 
Propagating chains were either initiated by the free radicals generated from BPO or 
thermally initiated, and the concentration of reactivated chain ends was very low (~0). 
In the case of styrene polymerization, the produced polymers were not soluble in 
[bmim]PF6. Thus, the heterogeneous reaction system, difficulty in diffusion and slow 
degradation of TEMPO in [bmim]PF6 all contributed to slow propagation rates and 
broad polydispersity of the synthesized polymers. Attempts to produce block 
copolymers by sequential addition of monomers failed under conditions used 
successfully for block copolymer formation in a RTIL using conventional free radical 
polymerization [24]. This also suggests that nitroxide mediated polymerization in the 
presence of [bmim]PF6 does not proceed by a living polymerization mechanism. 
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