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Abstract: A mixture of sodium nitrite and ascorbic acid is able to control the radical 
polymerization of tert-butyl methacrylate (tBMA) in water at 80°C. Indeed, sodium 
nitrite is reduced by the ascorbic acid, and the nitric oxide (NO) which is formed in 
situ is nothing but a promoter of nitroxyl radicals. The radical polymerization of 
tBMA is thus basically controlled by a nitroxide-mediated process.  

 
Introduction 
Controlled radical polymerization (CRP) has expanded very rapidly for the last few 
years as results of major advances in nitroxide-mediated polymerization (NMP) [1], 
atom transfer radical polymerization (ATRP) [2] and reversible addition-fragmentation 
chain transfer (RAFT) [3]. The high efficiency of these CRP systems allows to 
prepare well-defined (co)polymers (controlled molecular weight, polydispersity, chain-
ends and molecular architecture) with specific properties and potential applications 
(thermoplastic elastomers, adhesives, dispersants …). Moreover, the application field 
of CRP was successfully extended to water-borne systems [4]. Although the three 
main CRP methods (NMP, ATRP, RAFT) have a similar scope, they may differ in 
their balance of advantages and limitations. At the time being, none of the CRP 
techniques is able to control the polymerization of all monomers polymerizable by a 
free radical mechanism.  
In a previous paper, we reported on the controlled radical polymerization of tert-butyl 
methacrylate in the presence of sodium nitrite and iron(II) sulfate in water at 80°C [5]. 
Consistently with the scientific literature and experiments carried out in that work, a 
four-step mechanism was proposed for the control observed, viz., 
- formation of nitric oxide by reduction of NaNO2 by FeSO4; 
- reaction of the propagating radicals with NO and formation of nitroso compounds; 
- further reaction of the propagating radicals with the nitroso compounds and forma-

tion of the parent nitroxyl radicals; 
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- reversible trapping of the growing chains by the nitroxyl radicals, which leads to a 
dynamic equilibrium between active and dormant species, at the origin of the poly-
merization control. 

The addition of FeSO4 to sodium nitrite was necessary to impart control to the radical 
polymerization, in contrast to Bortel et al. who reported on the radical polymerization 
of acrylic acid in the presence of sodium nitrite only [6]. Polydispersity (Mw/Mn) of the 
poly(acrylic acid) was however very large (≥ 6), in line with a poor control of the 
reaction.  
Although the sodium nitrite/FeSO4 system allows to control the polymerization of 
tBMA in water under mild conditions, the final polymer is contaminated by metallic 
residues which might be an unacceptable drawback. Therefore, the search for an 
inorganic compound that could activate the release of NO from NaNO2 is a valuable 
target. This paper aims at reporting on the beneficial effect of ascorbic acid, which 
reacts rapidly with sodium nitrite and quantitatively forms nitric oxide (NO) [7]. Radical 
polymerization of tBMA has thus been studied in water in the presence of a mixture 
of NaNO2 and ascorbic acid instead of FeSO4.  
 

Experimental part 
 
Materials 
tert-Butyl methacrylate (tBMA) from BASF was distilled just before use in order to 
remove the stabilizer. Bidistilled water and acetonitrile were degassed prior to use. 
K2S2O8, FeSO4

 · 7 H2O, α,α’-azoisobutyronitrile (AIBN), L(+)-ascorbic acid and 
NaNO2 were used as received. Liquids were transferred under nitrogen by syringes 
or stainless steel capillaries. 
 
Polymerization 
NaNO2/ascorbic acid/K2S2O8 (or AIBN) ternary system  
In a typical procedure, a known amount of NaNO2 was added into the reaction flask 
that was evacuated by three nitrogen-vacuum cycles. Degassed water and tBMA 
were then added, and the flask was thermostated at 80°C. The degassed solution of 
ascorbic acid in water was added to the flask followed by the aqueous solution of 
K2S2O8 or the solution of AIBN in acetonitrile. Samples were regularly withdrawn from 
the polymerization medium, and the monomer conversion was calculated by 1H NMR 
analysis of the organic phase. Polymerization was stopped after 24 h because the 
high viscosity of the medium prevented additional samples from being withdrawn. 
 
Monomer resumption. Synthesis of the poly(tBMA) macroinitiator  
0.1656 g NaNO2 (2.4 · 10-3 mol) was added into the reaction flask that was evacuated 
by three nitrogen-vacuum cycles. 40 ml of degassed water and 32 ml of tBMA were 
then added, and the flask was thermostated at 80°C. 20 ml of degassed solution of 
ascorbic acid (0.8452 g of ascorbic acid in 40 ml water) was added to the flask, 
followed by 20 ml of the degassed solution of K2S2O8 (0.811 g of K2S2O8 in 50 ml of 
water). After 1 h of reaction, water and residual monomer were eliminated in vacuum 
and the residue was dried at room temperature overnight. Conversion ≈ 10%. 
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Resumption experiment 
10 ml of tBMA were added to the degassed crude macroinitiator and the flask was 
heated at 80°C in an oil bath. Samples were regularly withdrawn from the polymeri-
zation medium and the monomer conversion was calculated gravimetrically after 
drying in vacuum at 80°C, taking into account the amount of non-volatile residue.  
 
Characterization  
Size exclusion chromatography (SEC) was carried out in tetrahydrofuran (THF) at 
40°C using a Hewlett-Packard 1090 liquid chromatograph equipped with a Hewlett-
Packard 1037A refractive index detector (columns HP PL gel 5µ (105 Å, 104 Å, 103 Å, 
100 Å)) and a Waters 600 liquid chromatograph equipped with a 410 refractive index 
detector (columns Styragel HR (HR1: 100-5000; HR2: 500-20000; HR4: 5000-
600000)). The columns were calibrated with poly(methyl methacrylate) (PMMA) 
standards. Electron spin resonance (ESR) spectra were recorded with a Bruker ESP-
300 E ESR spectrometer (equipped with a variable temperature controller accessory) 
at a frequency of 9.45 GHz, a microwave power of 20 mW and a modulation ampli-
tude of 1G. 0.5 ml of the solution to be analyzed was introduced into an EPR tube 
(o.d. 4 mm) that was closed with a rubber septum. This solution was degassed by 
three freeze-pump-thaw cycles. Spectra were recorded at the desired temperature. 
 
Results and discussion 
Fig. 1 shows the dependence of Mn on the tBMA conversion for polymerization 
initiated by potassium peroxodisulfate in the presence of a 1/1 (mol/mol) sodium 
nitrite/ascorbic acid mixture, in water at 80°C. A linear evolution of Mn is observed 
until 45% conversion (24 h of polymerization).  
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Fig. 1. Dependence of Mn on conversion for the tBMA polymerization initiated by 
K2S2O8 in the presence of sodium nitrite and ascorbic acid, in water at 80°C. (2 eq. 
NaNO2, 2 eq. ascorbic acid, 1 eq. K2S2O8, 168 eq. tBMA, water/tBMA = 2.5.) Ratios 
in figure captions are mole ratios if not given otherwise 
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Because tBMA is not miscible with water, droplets of the organic phase (tBMA, 
growing polymer chains) are mechanically dispersed in the aqueous phase, and no 
precipitation of PtBMA is observed during polymerization. No additional sample could 
be picked out for analysis after 24 h of reaction because of the high viscosity of the 
polymerization medium. 

Although the polydispersity is low at the early stage of the polymerization (Mw/Mn ≤ 
1.1, Fig. 1), it becomes larger during polymerization, although the molecular weight 
distribution remains monomodal all along the polymerization. Additionally, a decrease 
in the polymerization rate is observed after 4 h of reaction (31% of monomer con-
version after 4 h compared to 43% after 24 h). This observation might suggest that 
either side reaction occurs or the equilibrium between dormant and active chains is 
shifted toward the dormant chains as result of the continuous formation of active 
species in the medium.  
 
Influence of the amount of ascorbic acid 
When the amount of ascorbic acid is decreased at constant amount of the other con-
stituents (sodium nitrite/ascorbic acid mole ratio = 1.0/0.25), a linear dependence of 
Mn on the monomer conversion is observed until high monomer conversion (78% 
after 24 h). Moreover, an increase in the sodium nitrite/ascorbic acid mole ratio from 
1/1 to 1.0/0.25 does not affect the molecular weight of the polymer (Fig. 2) and the 
polydispersity which increases with time (1.35 at 15% of monomer conversion com-
pared to 2.4 at 80%).  
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Fig. 2. Dependence of Mn on conversion for the tBMA polymerization initiated by 
K2S2O8 in the presence of sodium nitrite and ascorbic acid, in water at 80°C. The 
amount of ascorbic acid was changed in contrast to the amount of the other con-
stituents that remained constant. (2 eq. NaNO2, 1 eq. K2S2O8, 168 eq. tBMA, 
water/tBMA = 2.5) 
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Fig. 3 shows that the molecular weight of poly(tBMA) increases with reaction time 
and that a tailing on the low-molecular-weight side is responsible for the increasing 
polydispersity. At ca. 80% monomer conversion, this tailing is dominant which 
suggests that side reactions (vide infra) occur all along the polymerization.  
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Fig. 3. SEC chromatograms for the tBMA polymerization initiated by K2S2O8 in the 
presence of sodium nitrite and ascorbic acid (ascorbic acid/NaNO2 = 0.25), in water 
at 80°C (cf. Fig. 2): (A) 2 h, Mn = 4900; (B) 3 h, Mn = 12300; (C) 24 h, Mn = 56600 
 
Clearly, the addition of the sodium nitrite/ascorbic acid mixture to the tBMA poly-
merization medium imparts control to the chain growth, although some side reactions 
occur. It must be noted that the polymerization control does not require large 
amounts of ascorbic acid, in complete agreement with the experiments in which 
FeSO4 was used instead of ascorbic acid [5]. Moreover, a low amount of ascorbic 
acid (or FeSO4 [5]) is favorable to the polymerization kinetics (Fig. 2). The independ-
ence of Mn of the amount of ascorbic acid (or FeSO4 [5]) suggests that the initiating 
radicals basically result from the thermal decomposition of potassium persulfate, and 
that initiation by the redox reaction of potassium persulfate with ascorbic acid is 
limited. 
It can be concluded that this cheap and metal-free system is able to control the tBMA 
radical polymerization in water, which is a highly desirable opportunity. 
 
 
Influence of the initiator 
In addition to the formation of nitric oxide by reaction with sodium nitrite, the ascorbic 
acid may activate the potassium peroxodisulfate decomposition by an oxydo-
reduction reaction [8]. In order to prevent the ascorbic acid from reacting with the 
initiator, potassium peroxodisulfate was replaced by AIBN (Fig. 4). Mn increases 
quasi-linearly with the monomer conversion, and the polydispersity is narrow at the 
very beginning of the polymerization. Although some side reactions occur with time, 
the polymerization remains under control.  
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Fig. 4. Dependence of Mn and polydispersity on conversion for the tBMA poly-
merization initiated by AIBN in the presence of sodium nitrite and ascorbic acid, in a 
3/1 (v/v) water/acetonitrile mixture at 80°C. (4 eq. NaNO2, 2 eq. ascorbic acid, 1 eq. 
AIBN, 335 eq. tBMA, water/tBMA = 1.25) 
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Fig. 5. Volumetric measurement of NO formation when NaNO2 is reacted with 
ascorbic acid in water at 80°C. (10-3 mol NaNO2, 33.5 ml water) 
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Polymerization mechanism 
In order to quantify the reaction of ascorbic acid with sodium nitrite, the volume of 
nitric oxide was measured versus time for two sodium nitrite/ascorbic acid mole ratios 
(1/1 and 1.0/0.25; Fig. 5) and compared to the sodium nitrite/FeSO4 (1/1) system.    
C. 75 % of the theoretical amount of NO is formed after 20 min when the sodium 
nitrite/ascorbic acid mole ratio is 1/1, and the reaction is complete after 70 min 
(experimental error of the volumetric measurement ≈ 5 - 10%). Thus, the reduction of 
sodium nitrite by ascorbic acid is c. 5 times slower compared to the use of iron (II) 
sulfate under the same experimental conditions. When the amount of ascorbic acid is 
four times lower, the amount of NO is also decreased by a factor of four. 
Because ascorbic acid and FeSO4 have quite the same role, i.e. release of nitric 
oxide from sodium nitrite, the same mechanism as proposed for the NaNO2/FeSO4 
system can be put forward [5].  Scheme 1: 
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Alkyl radicals add to nitric oxide to form nitroso compounds [9] which are efficient 
spin-traps [10] for other alkyl radicals with formation of nitroxyl radicals. A nitroxide-
mediated free-radical polymerization is then operating, based on an equilibrium 
between propagating chains and dormant chains (i.e., propagating chains trapped by 
the nitroxyl radicals). The nitroxyl radicals are formed in situ by two successive 
additions of alkyl radicals to nitric oxide (Scheme 1). This mechanism is in agreement 
with Grishin et al., who showed that nitroxyl radicals can be formed by reaction of 
macroradicals with nitroso compounds and control the polymerization of methyl 
methacrylate in organic medium according to a NMP process [11]. 

In order to confirm this mechanism, oligomers were synthesized by the sodium nitrite/ 
ascorbic acid/ K2S2O8 system and analyzed by ESR at 80°C (Fig. 6).  

 
Fig. 6. ESR spectrum, in toluene at 80°C, for poly(tBMA) formed in water by the 
NaNO2/ascorbic acid/K2S2O8 system. (5mg poly(tBMA) in 0.5 ml toluene) 
 
In case of a NMP mechanism, the oligomers should be end-capped by an alkoxy-
amine, which upon thermolysis should release a nitroxyl radical detectable by ESR. A 
three-line ESR spectrum characteristic of nitroxyl radicals, with AN = 13.7 G and a g 
factor = 2.0078, is observed and confirms the NMP process. The AN and g values are 
similar to the ones previously measured in case of the sodium nitrite/iron(II) sulfate/ 
potassium peroxodisulfate system [5]. They also confirm that the structure of the 
nitroxyl radicals is similar in the two series of experiments. Additionally, the three-line 
ESR spectrum results from the hyperfine coupling to nitrogen and is consistent with 
the bonding of this nitrogen atom to two tertiary carbons. Indeed, in case of bonding 
of the nitrogen atom to a secondary or primary carbon, a more complex ESR 
spectrum is observed, as a result of the hyperfine structure resulting from the 
coupling of free radical and hydrogen atoms linked to these carbons. The ESR 
spectrum is thus in good agreement with the structure expected for the nitroxyl 
radical formed in the polymerization medium (see the polymerization mechanism; 
Scheme 1). 

The very weak ESR signal observed at -83°C is more likely due to residual nitroxyl 
radicals which have not reacted with a macroradical (Fig. 7A). Upon increasing 
temperature, the ESR signal becomes more intense (Fig. 7), consistently with the 
release of nitroxyl radicals by thermal rupture of the C-ON bond of the dormant 
species, as is the case in classical NMP. The lower temperature above which the 
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amount of nitroxyl radicals starts to increase (ca. -70°C) suggests that the C-ON 
bond of the dormant species is very labile, and much more labile than in the TEMPO-
mediated process (> 100°C). The asymmetric structure of the ESR spectrum at low 
temperature results from the anisotropy of the system [12]. 
 

 
 

Fig. 7. ESR spectra of poly(tBMA) formed in water by the NaNO2/ascorbic acid/ 
K2S2O8 system, in toluene at -83°C (A), -53°C (B) and 0°C (C). (5 mg poly(tBMA) in 
0.5 ml toluene) 
 
 

At 52°C, a hyperfine structure is observed which is better resolved when the number 
of scans is increased up to 4 (Fig. 8). This structure might indicate an interaction of 
the radical with neighboring atoms or formation of other paramagnetic species. 
Further study is in progress. 
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Fig. 8. ESR spectrum , in toluene at 52°C, for poly(tBMA) formed in water by the 
NaNO2/ascorbic acid/K2S2O8 system. (5 mg poly(tBMA) in 0.5 ml toluene) 
 

When a solution of the oligomers in toluene is heated at 80°C for 15 min, the hyper-
fine structure is no longer observed, and the intensity of the signal is slightly de-
creased (Fig. 9A). This decrease is however more important when the solution is 
heated for a longer period of time (Fig. 9B). Thus, at the polymerization temperature 
of 80°C, the amount of nitroxyl radicals decreases with time, which is in line with the 
loss of control observed at increasing monomer conversion. Some side reactions, 
such as thermal degradation of the nitroxyl radicals or β-H elimination [13] may 
explain that nitroxyl radicals disappear. 
 
 
Experiments of monomer resumption  
In order to collect information about the persistency of the species responsible for 
chain growth, polymerization was resumed by non-purified PtBMA chains synthe-
sized by the NaNO2/ascorbic acid/K2S2O8 system. The macroinitiator was not 
isolated in order to restrict the risks of modification of the chain-end during puri-
fication and recovery. Moreover, the PtBMA chains were collected at low monomer 
conversion (after 1 h) because the molecular weight distribution is then narrow. 
Nevertheless, according to the previous volumetric measurement (Fig. 5), most of the 
sodium nitrite was decomposed and will not interfere with the resumption experiment. 
After elimination of water and residual monomer in vacuum, a fresh tBMA feed was 
added and the medium was heated at 80°C. 
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Fig. 9. ESR spectra, in toluene at 80°C, for poly(tBMA) formed in water by the 
NaNO2/ascorbic acid/K2S2O8 system. After 15 min (A) and 1 h (B) at 80°C. (5 mg 
poly(tBMA) in 0.5 ml toluene) 
 
Fig. 10 shows that Mn increases linearly with the monomer conversion until 40% 
conversion, in agreement with a controlled process. The molecular weight distribution 
is narrow during the first hours of polymerization, then it becomes broader with time 
although it remains monomodal (Fig. 11). Once again, a tailing on the low-molecular-
weight side is the signature of loss of control. The polymerization rate decreases with 
increasing monomer conversion  (20% and 85% monomer conversions after 2 h and 
48 h, respectively), as previously observed. Beyond 40% of monomer conversion, the 
SEC chromatogram is no longer shifted toward higher molecular weight, which 
suggests that the polymerization is no longer controlled. 
It thus appears that the poly(tBMA) chains retain activity after synthesis, even though 
the control of the resumed polymerization is lost after some time.  
 
The nitrite system: a view on the occurrence of competitive reactions and termination 
reactions 
Although polymerization of tBMA is controlled when initiated by the sodium nitrite 
system (NaNO2/ascorbic acid/K2S2O8 and NaNO2/FeSO4/K2S2O8 [5] systems), 
competitive reactions occur, which results in a loss of control. 

• Sodium nitrite reacts with ascorbic acid (or FeSO4 in the NaNO2/FeSO4 system) 
and forms nitric oxide which is the key molecule for the polymerization control. 
Nevertheless, potassium peroxodisulfate is able to oxidize sodium nitrite into 
sodium nitrate. This undesirable reaction decreases the amount of sodium nitrite in 
the polymerization medium and thus the amount of NO available. 

• Moreover, a redox reaction between ascorbic acid (or FeSO4) and potassium 
peroxodisulfate  could occur and rapidly form radicals in the medium. The in-
dependence of Mn of the amount of ascorbic acid (or FeSO4 [5]), however, 
suggests that the initiating radicals are basically formed by the thermal decom-
position of potassium peroxodisulfate and that initiation by the redox reaction is 
limited, at least under the conditions used in this work.  
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Fig. 10. Resumption of the tBMA polymerization in bulk at 80°C 
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Fig. 11. SEC chromatograms for the tBMA bulk polymerization at 80°C (cf. Fig. 10): 
(A) Mn = 23000; (B) Mn = 29700; (C) Mn = 38000; (D) Mn = 60400 
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• Ascorbic acid is well-known to reduce nitroxyl radicals into corresponding 
hydroxylamines [14]: 

ascorbic acidR
N

R'
O°

R
N

R'
OH

nitroxyl radical hydroxylamine  
Therefore, a too large excess of ascorbic acid might have a detrimental effect on 
the polymerization control.  

All these competitive reactions make the control of the amount of NO, of initiating 
radicals and nitroxyl radicals in the medium difficult, and thus the optimization of the 
experimental conditions is hard to achieve. 
In addition to these competitive reactions, some specific side reactions have to be 
pointed out : 

• β-elimination of the terminal methacrylic proton of the active species with formation 
of an ω-unsaturation [13] is the main termination of the growing polymethacrylate 
chains in a “classical” NMP process.  
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CH3
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+ OHN
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However, in this study, the polymer molecular weight is controlled until complete 
monomer conversion, which suggests that the extent of chain termination by β-H 
elimination is restricted. 
• Stability of the nitroxyl radical at the temperature used for polymerization is an 

issue to be addressed. No information is available in the scientific literature on the 
stability of the nitroxyl formed in the polymerization medium by the sodium nitrite 
system. 

Another crucial issue is the possible reaction of dialkylnitroxyl radicals with nitric 
oxides: [15] 
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Even tertiary alkyl nitroxyl radicals can react fast at room temperature when the nitric 
oxide concentration is high. These reactions have to be kept in mind. 
In conclusion, a series of competitive and side reactions can occur that should be 
studied carefully in order to identify the experimental parameters to be tuned, in an 
effort to optimize the control. 
 
Conclusions 
In spite of some side reactions that occur during the radical polymerization of tBMA, 
the sodium nitrite/ascorbic acid mixture is a convenient metal-free system for the 
control of the tBMA polymerization in water. Formation of nitric oxide by reduction of 
sodium nitrite by ascorbic acid is the key step of the process. Addition of alkyl 
radicals to NO forms nitroxyl radicals which reversibly trap the growing chains and 
provide the polymerization with control.  
The ESR observation of nitroxyl radicals when a solution of tBMA oligomers in 
toluene is heated is the signature of a thermo-labile alkoxyamine (C-ON) at the 
ω-chain end. There is thus a strong analogy with the NMP mechanism, which may 
suggest that other monomers, such as styrenes and acrylates, might be polymerized 
in a controlled manner by this new system, too. Further investigation is in progress in 
order to optimize the ability of this very simple system to control the radical poly-
merization of a series of monomers. 
Very importantly, NMP is known for a poor control of the alkyl methacrylates 
polymerization. Therefore, the nitrite system is raising new prospects in this field. 
According to the polymerization mechanism, NO gas could also be used instead of a 
sodium nitrite/ascorbic acid (or FeSO4) mixture to control the free-radical polymeri-
zation of vinyl monomers. This alternative will be the topic of a forthcoming paper. 
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