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Abstract  The monomer reactivity ratios of free radical copolymerization of styrene and methyl methacrylate in carbon 
dioxide at vapor-liquid equilibrium state (vlCO2) at 65°C and under 7.5−8.5 MPa were measured. The experimental results 
showed that, in comparison with the data in bulk copolymerization, the monomer reactivity ratio of St in vlCO2 increased 
acompanied by a somewhat decrease in that of MMA. Further analysis of the sequence distributions of these copolymers by 
1H-NMR spectra indicated that there was a significant bootstrap effect in this system. The local monomer concentrations in 
the proximity of growing free radicals, rather than the true reactivity of monomers or free radicals, were altered by the 
presence of vlCO2, leading to the change in monomer reactivity ratios.  
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INTRODUCTION 

Much endeavor has been paid in polymer industry to reduce the usage of organic solvents and the release of 
waste water in recent years, owing to the aggravated environmental situation. As a natural solvent, carbon 
dioxide (CO2) is nonflammable, nontoxic and inexpensive, making itself an environmental-friendly medium for 
polymerizations of many monomers, which have been intensively studied during last decade[1]. Since most of the 
vinyl polymers are hardly soluble in supercritical carbon dioxide (scCO2), heterogeneous polymerizations[2, 3] 
especially dispersion polymerization[4] and precipitation polymerization[5] were reported in literature. The 
copolymerization of methyl methacrylate (MMA) and 3-[tri(trimethylsilyloxy)silyl]propyl methacrylate (SiMA) 
in scCO2 was reported by DeSimone et al[6]. The monomer reactivity ratio of MMA was found to decrease from 
0.98 in bulk to 0.69 in scCO2, while that of SiMA remained nearly the same (ca. 0.85), resulting from the 
decrease in the monomer reactivity ratio of MMA in scCO2 by arguing that the Lewis acid-base interaction 
between the CO2 molecule and the carbonyl group might change the reactivity of radicals. Stassin and Jerome[7] 
investigated the copolymerization of (L,L)-lactide (LA) and ε-caprolactone (CL) in scCO2, and compared the 
monomer reactivity ratios (γLA = 5.80, γCL = 0.70) with those determined in toluene (γLA = 7.00, γCL = 0.15). The 
obvious increase in the monomer reactivity ratio of CL in scCO2 was attributed to the strong carbonation of the 
growing PCL species. Among various monomer pairs, the copolymerization of styrene (St) and MMA has 
received the most detailed investigation[8−18]. The effects of different polar or nonpolar solvents such as benzene, 
phenol and benzyl alcohol, on monomer reactivity ratios were evaluated[17]. These solvents were found to alter 
the monomer reactivity ratios to different extents, depending strongly on the inherent properties of the solvents 
and the monomers involved. Kaim and Oracz[12] made a theoretical research on the solvent effect in the 
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copolymerization of St-MMA with universal quasi-chemical functional group activity coefficient (UNIFAC)-
group contribution method and Wilson formula, and they concluded that the solvent did influence the local 
monomer concentrations in the proximity of growing chain radicals in the order: phenol > benzyl alcohol > 
toluene > benzene. To our best knowledge, there have been no reports on the copolymerization of St-MMA in 
scCO2 or CO2 at vapor-liquid equilibrium state (vlCO2). 

We previously reported the free radical polymerization of acrylonitrile in scCO2 at 65°C, in which the 
regular spherical polyacrylonitrile (PAN) particles with diameter around 150 nm were prepared[19]. Meanwhile, 
it was found that the monomer conversion and the molecular weight of PAN observed under 7.7−9.2 MPa were 
higher than those found above 20 MPa. Thus, the free radical polymerizations of St, MMA and vinyl acetate 
were subsequently studied. Similarly, the monomer conversion and the molecular weight (MW) of polymer 
produced below 10 MPa, at which the system was not in scCO2 but in CO2 at vapor-liquid equilibrium state in 
the beginning of polymerization, were higher than those obtained above 12 MPa (homogeneous system at the 
initial of polymerization). Considering that the rate of polymerization and the MW of polymer are enhanced 
under low pressure, the monomer reactivity ratios of St and MMA in CO2 are evaluated under 7.5−8.5 MPa and 
compared with those determined in organic solvents by previous researchers.  

EXPERIMENTAL 

CO2 (99.5%, Shanghai Wugang Co.) was used as received. All other raw materials used in this research were 
standard laboratory reagents provided by Shanghai Chemical Reagent Plant. St and MMA were purified by 
passing through a column filled with neutral alumina to remove the inhibitors. AIBN was recrystallized from hot 
methanol. 

A 28 mL stainless steel high-pressure reactor equipped with a magnetic stir bar was charged with AIBN 
and monomer, and then the reactor was purged with a flow of CO2 to remove the oxygen prior to the start of 
polymerization. After a desired amount of CO2 was charged, the reactor was placed in a PID-controlled water 
bath heated to 65°C. Then additional CO2 was charged to the system if necessary, until the desired reaction 
condition was reached. Once the preset temperature and pressure (7.5−8.5 MPa) were reached, the reaction 
mixture was stirred for 45−70 min. At the end of the polymerization, CO2 was slowly vented and 
tetrahydrofuran was added. The solution was filtered and then precipitated in methanol to recover the 
copolymer. All samples were dried in vacuum at 50°C for 48 h before the calculation of monomer conversion 
(all conversions < 5%) and the characterization. 

A 20 mL visual high-pressure cell equipped with a magnetic stir bar and two quartz windows permitting 
visual observation was used to observe the phase behavior of St-MMA-CO2 system. 0.04 mol of monomer was 
charged to the visual cell to attain the initial status of polymerization.  

The composition and structure of copolymers were tested on 1H-NMR spectroscopy (Bruker AMX 500) 
with CDCl3 as solvent and tetramethylsilane as internal standard. 

RESULTS AND DISCUSSION 

It is well known that the monomer reactivity ratios are important parameters not only for the research on 
copolymerization but for copolymers produced as well, since they influence the composition and the sequence 
distribution of copolymers and thus affect on the performance of the materials prepared. Additionally, the 
relationship between the structure of monomer and its reactivity can be evaluated from the relative reactivity of a 
series of monomers adding to a certain growing chain radical. Hence the determination of monomer reactivity 
ratios of copolymerization becomes considerably significant. As previously mentioned, the monomer conversion 
and the MW of polymer are high when the polymerization is carried out in monomer-CO2 vapor-liquid 
equilibrium system under low pressure. Therefore the experimental conditions in this study were kept the same 
as those of homopolymerization in previous studies, i.e. p = 7.5−8.5 MPa and T = 65°C. Figure 1 shows the 
photos of St-MMA-CO2 mixture at the beginning of polymerization, indicating all the experiments started in 
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vapor-liquid equilibrium states. The experimental results of the copolymerization of St and MMA in vlCO2 are 
listed in Table 1. The compositions of poly(St-co-MMA) were calculated quantitatively according to 1H-NMR 
spectra. A typical 1H-NMR spectrum of poly(St-co-MMA) is shown in Fig. 2. The St composition in copolymer 
can be calculated according to the peak area of aromatic protons on styrene units (Ap, δ ≈ 7.0) and the total 
peak area of all protons including those on phenyl ring (A), i.e. the molar fraction of St is Fs = 8Ap/5A. Since all 
the conversions are low enough (< 5%), the differential form of Mayo-Lewis equation of copolymerization can 
be applied to calculate the monomer reactivity ratios. Assuming the terminal model and the long-chain 
assumption hold in this system[20], we have 
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where F1 and F2 are the molar fraction of the monomer M1 and M2 in the copolymer formed at a certain instant, 
and f1 and f2 are the global molar fraction of the monomer M1 and M2 at that instant. The monomer reactivity 
ratios for St (M1) and MMA (M2) were estimated by fitting the copolymer composition data to Eq. (1) using 
nonlinear least-squares method proposed by Tidwell and Mortimer[21]. The fitting curve and the calculating 
results are shown in Fig. 3 and Table 2 respectively. The 95% joint confidence interval is built with F 
distribution and depicted in Fig. 4. The values of γ1 and γ2 in various organic solvents determined by previous 
researchers are also listed in Table 2 and Fig. 4. In comparison with bulk copolymerization, γ1 increases while a 
decrease in γ2 is observed. Furthermore, all the data tested in bulk and organic solvents fall out of the 95% 
confidence interval, indicating there is difference between the monomer reactivity ratios measured in vlCO2 and 
organic solvents (including the bulk copolymerization). 

 

                   
 

Fig. 1  Photos of St-MMA-CO2 mixture at 7.5−8.5 MPa (65°C) 
a) x(St)/x(MMA) = 84/16 (SM-1); b) x(St)/x(MMA) = 7.9/92.1 (SM-7) 

 
Table 1. Copolymerization of styrene (M1) and methyl methacrylate (M2) in vlCO2

a 

Samples f1
b Conversion (%) F1

c 
SM-1 0.840 3.95 0.808 
SM-2 0.728 4.44 0.707 
SM-3 0.601 3.83 0.628 
SM-4 0.501 2.75 0.551 
SM-5 0.401 3.63 0.477 
SM-6 0.203 1.86 0.312 
SM-7 0.079 3.53 0.159 

a Reaction conditions: 5.6 × 10−2 mol of monomer, 1.4 × 10−4 mol of AIBN, T = 65°C,  
p = 7.5−8.5 MPa; b Styrene composition in initial feed; 
c Styrene composition in copolymer tested by 1H-NMR 
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Fig. 2  Typical 1H-NMR spectrum of poly(St-co-MMA) (sample SM-5, see Table 1) 

 

             
Fig. 3  Fitting curve of composition data of 
poly(St-co-MMA) to Mayo-Lewis equation

 Fig. 4  95% joint confidence interval for monomer 
reactivity ratios of St/MMA system in vlCO2 
■ in vlCO2, this work;  in bulk[14]; ○ in 
benzene[17]; ◊ in benzonitrile[9]; + in toluene[16]; ∇ 
in phenol [17]; □ in benzyl alcohol [17] 

 
Table 2. Monomer reactivity ratios of styrene and methyl methacrylate copolymerization in different solvents 

Solvents Monomer reactivity ratios Temperature (K) References γ1 γ2 
Nonea 0.550 0.482 313 [14] 

Carbon dioxide 0.688 0.395 338 This work 
Benzene 0.589 0.481 333 [17] 
Toluene 0.535 0.392 313 [16] 

Benzonitrile 0.380 0.620 333 [9] 
Benzyl alcohol 0.441 0.317 333 [17] 

Phenol 0.347 0.367 333 [17] 
a Bulk copolymerization system 

 
Generally, there are two ways by which the solvent influences the monomer reactivity ratios. The solvent 

may directly alter the true reactivity of monomers or free radicals thus leading to change in chain propagation 
rate coefficient kp. Either the interaction between solvent-free radical or solvent-monomer may change the local 
monomer concentration in the proximity of growing chain radicals, i.e. bootstrap effect[15]. So far the bootstrap 
model has been shown capable of describing the solvent effect in quite some copolymerization systems. In this 
model, the equilibrium of monomer partition between solvent-rich region and growing chain radical-rich region 
is assumed. If the complexes formed between solvent-free radical or solvent-monomer do not participate in 
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chain propagation reaction, this kind of effect only change the local monomer concentration in the proximity of 
growing free radicals, i.e. change the local monomer feed ratio, leading to the deviation of chain propagation 
rate and monomer reactivity ratios[18]. Therefore, the bootstrap effect alters the local effective concentration of 
monomer or growing chain radical rather than their true reactivity, so the sequence distribution of those 
copolymer chains with the same composition should be identical independent of the solvent used. An 
investigation into the solvent effect of benzene, chlorobenzene and benzonitrile on copolymerization of St and 
MMA was made by Madruga et al[8, 9]. They analyzed the MMA centered triads by 1H-NMR, and found that the 
sequence distribution of copolymers of the same global monomer feed synthesized in different solvents differed 
from each other. Their results were subsequently reanalyzed by Davis[10] and Klumperman et al[11]. They plotted 
the molar fractions of MMA-centered triads against the composition of copolymer instead of the global 
monomer feed, and concluded that the solvent effect in this system could be well described by the bootstrap 
model.  

To evaluate if the bootstrap model holds in the copolymerization of St and MMA in vlCO2, the sequence 
distribution of copolymer has to be considered. This can be estimated by analyzing the resonance peaks of 
methoxy protons of MMA units (δ = 3.7−2.1) in 1H-NMR spectra shown in Fig. 2. The splitting of these peaks is 
caused by the shielding effect of benzene ring in St units on the methoxy protons of MMA units in MMA 
centered triads. This effect depends on the stereoregularity described quantitatively by the coisotacticity 
parameter σ, which is the probability of coisotactic addition between two different monomers independent of the 
adding sequence[22]. 

The assignments of the complex peaks in the region δ = 3.7−2.1 were discussed by different authors in past 
decades, but Aderts et al[23] provided the most satisfactory results. Their assignments designated as region I−VI 
shown in Table 3 and Fig. 5 are based on MMA-centered pentad sequences. The molar fractions of different 
MMA-centered pentads can be calculated[23] using the monomer reactivity ratio evaluated in Table 1, from 
which the calculated 1H-NMR normalized peak area of region I−VI can also be established (shown in Table 3). 
Using a nonlinear least-squares procedure based on the deviations between the normalized peak areas of the 
calculated and the observed 1H-NMR regions I−IV, the coisotacticity parameter σ was estimated as 0.46, which 
is close to that reported by Aerdts et al. (ca. 0.44)[23]. The observed peak areas in 1H-NMR are in good 
agreement with those calculated ones, indicating the reliability of the monomer reactivity ratios tested. The 
molar fractions of MMA-centered triads (MMM, SMS, and MMS) estimated according to the current  

 
Table 3. Peak areas of the methoxy resonances of poly(St-co-MMA) synthesized in vlCO2 under low pressure with σ = 0.46a 

                               Peak area 
 I II III IV V VI 
 3.70−3.40 3.40−3.17 3.17−2.95 2.95−2.78 2.78−2.50 2.50−2.10 
 MMMMM σSSMMM (1−σ)2SSMSS σMSMMM (1−σ)SSMMS σ 2MSMSM
 2MMMMS σSSMMS  σMSMMS 2σ(1−σ)SSMSS 2σ 2SSMSM
 SMMMS (1−σ)SSMMM  2σ(1−σ)MSMSM  σ 2SSMSS 
 (1−σ)MSMMM (1−σ)2SSMSM  2σ(1−σ)SSMSM   
 (1−σ)MSMMS      
 (1−σ)2MSMSM      

Samples f2 Obsv. Calc. Obsv. Calc. Obsv. Calc. Obsv. Calc. Obsv. Calc. Obsv. Calc
. 

SM-7 
SM-6 
SM-5 
SM-4 
SM-3 
SM-2 
SM-1 

0.92 
0.80 
0.60 
0.50 
0.40 
0.27 
0.16 

0.82 
0.61 
0.36 
0.28 
0.18 
0.09 
0.04 

0.83 
0.62 
0.36 
0.26 
0.17 
0.09 
0.03 

0.01 
0.09 
0.18 
0.20 
0.21 
0.18 
0.13 

0.02
0.07
0.16
0.17
0.19
0.21
0.14

0.00
0.00
0.01
0.02
0.06
0.09
0.16

0.00
0.00
0.01
0.03
0.05
0.09
0.15

0.16 
0.26 
0.32 
0.29 
0.29 
0.25 
0.17 

0.14 
0.26 
0.32 
0.32 
0.31 
0.24 
0.18 

0.00 
0.01 
0.04 
0.11 
0.16 
0.23 
0.28 

0.00 
0.02 
0.07 
0.11 
0.15 
0.20 
0.31 

0.01
0.03
0.09
0.10
0.10
0.16
0.22

0.01
0.03
0.08
0.11
0.13
0.17
0.19

a Obsv. means normalized peak area of region I−VI observed from 1H-NMR spectra; 
Calc. means normalized peak area of region I−VI calculated by Aerdts’ method[23] 
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assignments are plotted against F2 (composition of copolymer), as shown in Fig. 6. The results were then 
compared with the sequence distribution of St-MMA copolymers synthesized respectively in benzene and 
benzonitrile by Madruga et al.[9] to see if there is a bootstrap effect in the vlCO2 system. Although the data 
points in Fig. 6 scatter somewhat (probably due to the different assignments in 1H-NMR by Madruga et al.[9] and 
Aerdts et al.[23]), the molar fraction of triads in copolymers synthesized in different solvents can be described by 
one set of curves, indicating significant bootstrap effect in vlCO2 systems. The deviation of the monomer 
reactivity ratios from those in the bulk system may be mainly caused by the difference between the local 
monomer concentrations in the proximity of growing free radicals in the two systems. Therefore, the values of 
monomer reactivity ratios measured in vlCO2 should be apparent monomer reactivity ratios. 

 

 
 

Fig. 5  Expended 1H-NMR spectra of the methoxy region of poly(St-co-MMA) 
 

If the bootstrap model does hold in the vlCO2 system, the compositions of the copolymer chains obtained at 
a certain local monomer feed ratio should be identical. A partition coefficient K introduced by Harwood[15] can 
be used to describe the ratio of the global monomer feed and the local monomer feed:  

 ]M/[]M[]M/[]M[ 0
2

0
121 K=  (2) 

where, [M1] and [M2] are the local monomer concentrations of M1 and M2 in the proximity of growing chain 
radicals, while [ 0

1M ] and [ 0
2M ] are the global monomer concentrations of M1 and M2, respectively. 

Klumperman and O’Driscoll[11] suggested considering the bulk polymerization as a thermodynamic reference 
state with K = 1, in order to estimate the partition coefficient in solution polymerization. In the case of two 
copolymer chains with the same St composition (F1) polymerized in bulk and vlCO2 respectively, the molar 
fraction of St in bulk and vlCO2, bulk

1f  and 2CO
1f  can be calculated with Eq. (1) using γ1 and γ2 in Table 1. The 

deviation between them reading as Δf1 = bulk
1f − 2CO

1f  can be used to estimate which monomer is preferentially 
adsorbed in the proximity of growing chain radicals in solution copolymerization. Figure 7 shows the 
relationship between Δf1 and F1. In comparison with bulk polymerization a preferential sorption of St in the 
proximity of growing free radicals in vlCO2 system was observed. The enrichment of St depends on the 
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copolymer composition and reaches a maximum, when F1 = 0.5. Fernandez-garcia et al.[24] investigated the 
solvent effect in the copolymerization of St and butyl acrylate (BA) and compared it with that in St-MMA 
system. Besides the composition of copolymers, they found a significant dependence of monomer preferential 
sorption on solvent polarity. When benzonitrile of strong polarity was used, an enrichment of BA and MMA 
was observed. While the polymerization was carried out in nonpolar benzene, St was preferentially adsorbed in 
St-MMA system, whereas in the St-BA system there is no obvious enrichment for either monomer. The vlCO2 
used in the present research is a nonpolar medium, thus an enrichment of St in the proximity of growing free 
radicals could be expected. 

 

 

 
Fig. 6  MMA centered triads of the poly(St-co-MMA) synthesized in vlCO2 (○), benzene (∆) and benzonitrile (◊)

 
According to the data in Fig. 7, the enrichment of St in vlCO2 was enhanced compared to that in benzene 

(when F1 = 0.5, Δf1 = 0.055 in vlCO2 versus Δf1 = 0.03 in benzene). Therefore besides the solvent polarity, it is 
reasonable to consider other factors causing the enhanced enrichment of St. Kazarian et al.[25] studied the 
interaction of PMMA and CO2 molecules by infrared spectroscopy and showed that the carbon atom of CO2 acts 
as an electron acceptor which may complex with the carbonyl oxygen in PMMA. Lora and McHugh[26] modeled 
the phase behavior of MMA-CO2 mixture in the temperature range of 40−105°C with Peng-Robinson equation 
of state and suggested a strong interaction between MMA and CO2 molecules. They cited the spectroscopic data 
of Kazarian et al.[25] and argued that this kind of interaction between MMA and CO2 might be similar with that 
between PMMA and CO2, which could be the reason for observed high solubility of MMA in CO2 fluid. For the 
case of St-MMA copolymerization studied here, the assumed complex interaction between MMA and CO2 
would lower the local MMA concentration in the proximity of growing free radicals, further leading to the 
increase in monomer reactivity ratio of St and the decrease in that of MMA. 
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Fig. 7  Predicted difference of the St molar fraction in the feed between the bulk ( bulk

1f ) and vlCO2 

( 2CO
1f ) versus the St molar fraction (F1) in poly(St-co-MMA) (Δf1 = bulk

1f − 2CO
1f ) 

 
In conclusion, the monomer reactivity ratios in the copolymerization of St and MMA at 65°C in vlCO2 

under 7.5−8.5 MPa were measured and found to be different from those measured in bulk and in various polar 
or nonpolar organic solvents in the literature.  
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