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Abstract This article reports a systematic kinetic study on the oxidative poly-
merization of «-substituted styrene monomers such as styrene (St), a-methylstyrene
(AMS), 4-chloro o-methylstyrene (CAMS), and o-phenylstyrene (APS) in the
presence of 2,2'-azobisisobutyronitrile as a free radical initiator at 100 psi oxygen
pressure and 40-50 °C in toluene. The rate of oxidative polymerization follows the
order: APS > CAMS > AMS > St. Theoretical calculations have been performed
using density functional theory to support the order of oxidative polymerization
rates. In addition, the synthesis and characterization of poly(4-chloro a-methylsty-
rene peroxide) (PCAMSP) is reported here for the first time. Elemental analysis and
nuclear magnetic resonance spectroscopy confirm the alternating copolymer struc-
ture of PCAMSP with —O-O- bonds in the main chain. Thermal degradation studies
using differential scanning calorimeter and thermogravimetric analysis reveal that
PCAMSP degrades highly exothermically and the average enthalpy of degradation
at various heating rates is found to be 48.7 & 0.6 kcal/mol, which is of the same
order reported for other vinyl polyperoxides.

Keywords Oxidative polymerization - Polyperoxide - Kinetics - Activation energy

Introduction

Radical polymerization of vinyl monomers in the presence of high oxygen pressure
is known as oxidative polymerization. The main product of oxidative polymeriza-
tion is polyperoxide, an alternating copolymer of vinyl monomer and molecular
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oxygen [1-3]. Polyperoxide finds importance as polymeric radical initiators [4—6]
for vinyl monomers in the synthesis of homopolymers, block copolymers, etc. Their
importance as curators in coating and molding applications has been established [7].
Polyperoxides degrade highly exothermically in contrast to common polymers, and
exhibit unusual phenomenon of auto-pyrolysis indicating its potential use as an
autocombustible fuel [8]. Recently, degradable polyperoxides by the radical
alternating copolymerization of 1,3-diene monomers with molecular oxygen at an
atmospheric pressure are reported [9-14]. Application of polyperoxides from 1,3-
diene monomers for dismantlable adhesion has been established [15]. For industrial
and commercial applications, it is desirable that polyperoxides should be made
easily and in large quantities, which cannot be achieved unless and until we know
the reaction kinetics (i.e., the rate of polymerization, activation energy, etc.) of the
oxidative polymerization process. So, we have decided to develop a reactivity scale
for the various vinyl monomers toward oxidative polymerization by studying
reaction Kinetics.

In the literature, the effect of oxygen pressure on the oxidation of styrene (St)
[16], a-methyl styrene (AMS) [17], and oxidative copolymerization [18] of St with
AMS has been studied in detail. However, there is no systematic study for the
kinetics of oxidative polymerization of styrenic monomers to understand the effect
of a-substitution. The rates of oxidative polymerization reaction should depend on
substitution group present in the monomer. The electronic nature of the o-
substituent in the vinyl monomer determines the stability of propagating radicals in
the propagation step. In this study, we report the first systematic study on the
kinetics of oxidative polymerization of a-substituted styrene monomers such as St,
AMS, 4-chloro a-methylstyrene (CAMS), and o-phenylstyrene (APS) in the
presence of a free radical initiator 2,2'-azobisisobutyronitrile (AIBN) at 40-50 °C
and 100 psi oxygen pressure. From kinetic studies, we have determined rate of
polymerization, activation energy (E,), and various thermodynamic parameters such
as enthalpy of activation (AH"), entropy of activation (AS"), and Gibbs free energy
of activation (AG"). Experimental rates of oxidative polymerizations have been
supported by density functional theory (DFT) calculations.

Experimental
Materials

St (Sigma, 99+%), o-methylstyrene (AMS, Sigma, 98%), CAMS (Sigma, 98%),
and APS (Sigma, 97%) were passed through a column of basic alumina prior to
polymerization to remove the antioxidant/inhibitor. The AIBN (Sigma, 98%) was
recrystallized twice using methanol. Anhydrous toluene (Sigma, 99+ %), and CDCl;
(Cambridge Isotope, 99% D) were used as received. The oxygen used was of high
purity (BOC, 99.9%). The solvents, petroleum ether (boiling range, 60-80 °C),
chloroform, etc., were purified by standard procedures.
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Polymerizations

The kinetics of oxidative polymerizations were studied at 100 psi oxygen pressure
using 2 mol L™' monomer solution in toluene in the presence of AIBN
(0.02 mol Lfl) as radical source in a Parr reactor (Parr Instrument Co., USA)
equipped with a digital pressure transducer, temperature controller, and mechanical
stirrer. The polymerization reaction was carried out at different temperatures (40,
44, 47, and 50 °C) with mechanical stirring (220 rpm), maintaining the pressure
constant (100 psi). For the reliable kinetic analysis, conversion was kept below 15%.
The O, consumption was measured as a function of time using a digital pressure
transducer. Polyperoxide was separated from the reaction mixture by precipitating it
with petroleum ether. They were isolated and purified by repeated precipitation
from chloroform solution followed by the removal of the solvent by vacuum drying
at room temperature. Caution: The vinyl polyperoxides are not shock- or friction-
sensitive, but they should be handled carefully and stored in the dark and in a
refrigerator to minimize photo and thermal degradations, respectively.

Instrumentation

The 400 MHz 'H NMR spectra were recorded on a JEOL, ECS-400 spectrometer in
CDCl; solvent. The FTIR spectrum was recorded on KBr pellets using a Perkin-
Elmer RXI spectrometer. Molecular weights and molecular weight distributions of
polyperoxides were determined by gel permeation chromatography (GPC) using
Waters 515 HPLC pump, Waters 2414 refractive index detector and two columns
(Styragel HT4 and Styragel HT3). The eluent was tetrahydrofuran (THF) at 30 °C
and the flow rate was 0.3 mL/min. Narrow molecular weight polystyrene standards
were used to generate the calibration curve. The elemental analysis was carried out
on a Perkin-Elmer Series-II, CHNO/S Analyzer-2400. The thermal analysis was
carried out using a Mettler Toledo DSC1 STARe differential scanning calorimeter
(DSC) at different heating rates (5, 10, 20, and 40 °C min_l) with sample sizes of
~2-4 mg in N, atmosphere. The thermogravimetric analysis (TGA) was accom-
plished on a Mettler Toledo TGA/SDTA 851e instrument at a heating rate of
10 °C min~" with a sample weight of ~5 mg in N, atmosphere.

Computational studies

The DFT has been employed as an established and predictive means to understand
the effect of o-substitution on the kinetics of oxidative polymerization of styrenic
monomers. Geometry optimizations and vibrational frequency analyses were carried
out at the level of DFT-based methods as implemented in the electronic structure
program Gaussian 03 [19]. We have used the Becke’s three parameter hybrid
exchange functional [20] combined with the Lee—Yang—Parr non-local correlation
function [21] abbreviated as B3LYP. The split-valence basis set with diffuse
functions, namely 6-311+4+G(d), have been employed for all atoms. Vibrational
frequencies were calculated for optimized structures to verify that no negative
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frequency was present for minimum energy structures and one negative frequency
for the transition state (TS) structures.

Result and discussion
Synthesis and spectral characterization of the polymers

As shown in Scheme 1, the oxidative polymerizations of four o-substituted styrene
monomers have been studied in toluene at different temperatures (40, 44, 47, and
50 °C) maintaining the pressure constant (100 psi). Formation of poly(styrene
peroxide) (PSP) was confirmed from "H NMR spectroscopy in CDCls, which
showed resonance signals at 4.0, 5.3, and 7.2 ppm due to methylene, methine, and
aromatic protons, respectively [22]. For poly(a-methylstyrene peroxide) (PAMSP),
the signals were at 1.46, 4.16, and 7.2 ppm for methyl, methylene, and aromatic
protons, respectively [23]. For poly(«-phenylstyrene peroxide) (PAPSP), the signals
were at 4.44 and 6.87-7.25 ppm for methylene and aromatic protons, respectively
[24]. However, synthesis and characterization are not reported in the literature for
poly(4-chloro o-methylstyrene peroxide) (PCAMSP). The 'H NMR spectrum of
PCAMSP in CDCl; is shown in Fig. 1, which shows signals at ¢ 1.4, 4.1, and
7.1-7.3 ppm corresponding to methyl protons (3H), methylene protons (2H) and
aromatics protons (5H), respectively. No homopolymer impurities could be detected
from the '"H NMR spectrum. Elemental analysis was carried out for PCAMSP. The
experimental values are C, 58.57%; H, 4.93%; O + Cl, 36.50% in agreement with
the calculated values of C, 58.55%; H, 4.91%; O + Cl, 36.54% for CoHoO,Cl. The
FTIR spectrum of PCAMSP showed a weak characteristic O—-O absorption at
895 cm™'. The DSC studies were performed in nitrogen atmosphere at heating rates
of 5, 10, 20, and 40 °C/min. The DSC studies reveal that PCAMSP undergoes a
highly exothermic and complete degradation. The average enthalpy of degradation
(AHp) at various heating rates was found to be 48.7 & 0.6 kcal/mol, which is of the
same order reported for other vinyl polyperoxides [25]. The activation energy for
the degradation (E4) process was determined from Kissinger’s plot [26]. The value
of E4 was found to be 38.5 & 2 kcal/mol (Table 1), which is comparable with the
dissociation energy of the O-O bond [27, 28]. The TGA of the PCAMSP was
carried out at 10 °C/min and the weight loss occurs in a single step sharply around
122 °C (Thax)- These studies indicate 1:1 copolymeric structure of PCAMSP.

The number average molecular weight (M) values, shown in Table 1, for all
polyperoxides were found to be between 4,400 and 5,400 g/mol. The polyperoxides

Scheme 1 General reaction X AIBN, Oy, 40-50 °C )‘(
conditions for the oxidative HzC:< —= +O*CH 2*9*0}“
polymerization of styrenic Y Toluene v n
monomers

X=H)Y =Ph : St

X=Me, Y =Ph :AMS

X =Me, Y =4-CI-Ph :CAMS

X="Ph,Y =Ph :APS
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Fig. 1 The '"H NMR spectrum of PCAMSP in CDCl;

Table 1 Characteristics of different polyperoxides synthesized in toluene at 50 °C and 100 psi O,
pressure

Polymer Time (h) Conv. (%)* M, (g/mol)® PDI” E4 (kcal/mol)®
PSP 23 18.0 5300 1.7 38.2 [31]
PAMSP 8 17.4 5100 1.8 33.0 [31]
PCAMSP 6 14.2 4400 1.7 38.5

PAPSP 3 19.5 5400 1.9 45.0 [24]

* Monomer conversion as determined by gravimetric analysis on the basis of the amount of monomer
charged

® Determined by GPC in THF based on polystyrene standards
¢ Calculated from DSC studies

have low M, due to various chain transfer reactions occurring during oxidative
polymerization [29, 30]. The M,,, molecular weight distribution (PDI), and E4 values
for different polyperoxides synthesized at 50 °C are shown in Table 1. Relatively
broad PDI’s are due to conventional free radical nature of the polymerization.

Kinetics of oxidative polymerization

Chemical kinetics, also known as reaction kinetics, includes investigations of how
different experimental conditions can influence the speed of a chemical reaction and
yield of product formation. A detailed examination of the mechanism of oxidative
polymerization revealed that the polyperoxides formed during oxygen copolymer-
ization undergo facile degradation above 50 °C [32]. To avoid side reactions, we
have studied kinetics of oxidative polymerization at 40-50 °C. Plot of oxygen
consumption (Ap) against time for the oxidative polymerization of St, AMS,
CAMS, and APS at 50 °C under 100 psi oxygen pressure is shown in Fig. 2. The
rate of polymerization (R,) was calculated from the slope of the Ap against time
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plot. The rate of oxidative polymerizations of St, AMS, CAMS and APS with
varying temperature at constant monomer (2 mol Lfl), AIBN (0.02 mol Lfl)
concentrations, and oxygen pressure (100 psi) are presented in Table 2. During
oxidative polymerization, the rate of O, consumption [32] is given by earlier
reported Eq. 1;

kp (ki)

G = o=l M= kM (1)

where R, is the rate of polymerization, and k,, k;, and k are the propagation,
initiation and termination rate constant, respectively. The [M] and [I] are monomer
and initiator concentration, and k, is the overall rate constant for the oxidative
copolymerization.

Figure 2 shows that the rates of oxidative polymerization at 50 °C follow the
order: APS > CAMS > AMS > St. This result indicates that the rates of oxidative
polymerization reaction depend on the substitution group present in the vinyl
monomer. Let us now discuss why the rate and yield for AMS are more than those
for St. On the basis of the second propagation step (Eq. (iv) in Scheme 2, rate
determining step), the reactivity of the —MO} radical (where M is the monomer)
toward the monomer should be compared. The peroxy radical formed from AMS,
i.e., [~CH,—(Ph)(CH3)C-0O-0"], is more reactive than the peroxy radical formed
from St, [<CH,—~(Ph)CH-O-0"], due to the penultimate effect [32] of the electron-
donating methyl group. In addition to the reactivity of —MO3 toward the monomer,
we have to also consider the electron richness of the vinyl © bond in the monomer.
The electron density is more in AMS than in St due to the presence of electron-
donating methyl group; hence, the reactivity of AMS toward —MO} would be much
higher than that of St. Therefore, the R, for AMS is higher compared to those for St.

5
2 4
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Q.
< 3
(0]
X~
8
Q.
=
3
g W St
e) 14 A AMS
4 CAMS
p APS
0 T T T T T T T
0 100 200 300 400

Time (min)

Fig. 2 Plot of oxygen consumption (Ap) against time for the oxidative polymerization of St, AMS,
CAMS, and APS at 50 °C under 100 psi oxygen pressure
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Table 2 Kinetic data for the oxidative polymerization of o-substituted styrene monomers in the presence
of AIBN initiator

Monomer Temperature (°C) R, x 10* (psi sh R, x 10’ ka x 107
(mol L™'s71) (L mol~'s™")
St 50 1.967 5.052 17.866
47 1.235 3.203 11.325
44 0.700 1.832 6.479
40 0.472 1.251 4.422
AMS 50 5.248 13.483 47.676
47 2.730 7.079 25.033
44 2.265 5.929 20.965
40 1.283 3.402 12.031
CAMS 50 5.885 15.118 53.458
47 4.872 12.634 44.675
44 3.160 8.272 29.250
40 1.992 5.281 18.674
APS 50 14.849 38.149 134.900
47 12.650 32.805 116.000
44 9.943 26.029 92.040
40 7.375 19.553 69.140

2 Imonomer] = 2 mol L' [AIBN] = 0.02 mol L™'; in toluene at 100 psi oxygen pressure; k, =
ky(kilk)'?

The APS has highest R, due to two phenyl groups present in ethylene, which highly
stabilized the —MOj3 radical. Among AMS and CAMS, the rate of polymerization
of CAMS is higher than that of AMS due to extra conjugation of propagating
radicals with para substituted CI group.

Initiation: N
HSCiO*O' (i)
CN CN A CHs
H3C+N:N+CH3 —_—> Hsc# :
CHs CHs N X
HaC——CH,—( (i)
CH3 Y
Propagation:
X ko X
mre—CHy~ + Op ——— mw—CH,~-0—0 ()
Y Y
X X ko X X
mr—CH,~-0—0" + He= —F— m—CH,40—0—CH,~ (iv)
Y Y Y Y

Scheme 2 Kinetic scheme (only initiation and propagation reactions) for the oxidative polymerization of
vinyl monomers
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Activation energy of polymerization

The Ap as a function of time for CAMS oxidation at different temperatures under
100 psi oxygen pressure is shown in Fig. 3. The rate of polymerization of CAMS
with O, in presence of AIBN initiator at constant pressure increases with increasing
temperature. We have determined overall activation energy (E,) of oxidative
polymerization of St, AMS, CAMS, and APS from the Arrhenius plots of In &,
against 1/T, which were straight lines (Fig. 4). In presence of AIBN, the PCAMSP
formation yields an E, of 22 kcal/mol. For AIBN-initiated polymerization,
E; = 30 kcal/mol is reported [32, 33]. The activation energies for the termination
(E) for St oxidation is 1.8 kcal/mol [34]. Side reactions during oxidative
polymerizations such as chain transfer and termination are minimum since we
have studied kinetics below 15% conversion at temperature range 40-50 °C, where
degradation of polyperoxide is negligible. When these values are considered, the
activation energies for the propagation (E,) according to Eq. 2 should be 7.9 kcal/
mol. Similarly, the E, values were determined for St, AMS, and APS as 29, 26, and
15 kcal/mol, respectively. The E, values were calculated as 14.9, 11.9, and 0.9 kcal/
mol for St, AMS, and APS, respectively. These results indicate rate of oxidative
polymerization is in the order of St < AMS < CAMS < APS.
E, E,

Ea:Ep‘*‘EI_E (2)

Applying Eyring—Polanyi equation, we determined enthalpy of activation (AH")
and entropy of activation (AS*) for the oxidative polymerization of St, AMS,
CAMS, and APS. The general form of Eyring—Polanyi equation;
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S 2-

&

2 W 50°C

6 1 A 47°C
® 44°C
< 40°C

0 T T T T T T T
0 100 200 300 400
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Fig. 3 Oxygen uptake (Ap) as a function of time for CAMS oxidative polymerization at 40-50 °C under
100 psi oxygen pressure
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Fig. 4 Plot of In k, against 1/7 for oxidative polymerizations of St, AMS, CAMS, and APS using AIBN
initiator at 100 psi oxygen pressure

kgT AS# AH#
k== -exp (T) exp (‘ RT 3)

where k, is the overall rate constant, kg is the Boltzmann constant, / is the Plank
constant, R is the universal gas constant, and T is the absolute temperature. From
the rearranged equation, the plot of In (k,/T) against (1/7) should yield a straight
line with slope = (—AH"/R) and intercept = In (kg/h) + (AS*/R). As shown in
Fig. 5, the plot of In (k,/T) against (1/7) gives straight line for the oxidative poly-
merizations of St, AMS, CAMS, and APS. From this plot, AH* and AS* were
determined and Gibbs free energy of activation (AG”) was calculated at 50 °C from

-16
-17 4 >\’\>\>
-184
iy T py
5(?49—
z ]
_20_
11 » APs
21| ® CAvs
A AMS
W St
-22 T T T T T T T T T T T T T T T
3.06 3.08 3.10 3.12 3.14 3.16 3.18 3.20 3.22

1T K x103

Fig. 5 Plot of In(k,/T) against (1/T) for oxidative polymerization of St, AMS, CAMS, and APS
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the relation; AG* = AH* — TAS?, listed in Table 3 for the oxidative polymeriza-
tions of St, AMS, CAMS, and APS.

Thermodynamic parameters obtained from Eyring—Polanyi equation are apparent
values due the complex nature of the overall rate constant, k,, which is used to
calculate AH*, AG*, and AS*. Although it is difficult to compare, we observed
decreasing trend in AH" and AG” from St to AMS, AMS to CAMS, and CAMS to
APS (Table 3). Chemical reactions depend on Gibbs free energy of activation, and
in Table 3 AG” for AMS (26.9 kcal mol™") is less than that of St (27.5 kcal mol™")
once again indicates rate of oxidative polymerization of AMS is faster than St. The
large negative value of entropy of activation means a slow reaction and decreased
degree of freedom for the TS to the monomer. The AH" is maximum for St
monomer followed by AMS, CAMS and APS indicates that thermodynamically the
rate of polymerization follows the order: APS > CAMS > AMS > St.

Computational study

In Scheme 2, we mentioned two possible pathways for the initiation of the oxidative
polymerization of vinyl monomers. Our DFT studies showed that in the initiation
step, the activation energy (E,iy;) for the reaction of (CH3)(CN)(CH3)C® radical
with St monomer is much higher than the reaction with O,. The E, ;,; for the former
reaction was 9.81 kcal/mol whereas we observed negative E, ;; of —48.91 kcal/mol
for the reaction of O, with (CH;3)(CN)(CH5)C® radical. There are a number of
bimolecular reactions (a radical + O,) that are expected to have negative activation
energies [35]. These reactions fall into the general category of reactions that proceed
over a potential well [36]. We further observed that in the propagation step,
activation energy of propagation, E, ..o, = 6.76 kcal/mol of Eq. (iv) is much higher
than the E, o, = —50.62 kcal/mol of Eq. (iii). Hence Eq. (iv) is the rate-
determining step for the oxidative polymerization reaction. Therefore, we have
considered only Eq. (iv) for further calculations to study oxidative polymerization
of different styrenic monomers.

Experimentally, the rate of polymerization follows the order: APS > CAM-
S > AMS > St. We have computed different thermodynamic quantities which are
listed in Table 4 for the polymerization reaction of St, AMS, CAMS, and APS
monomers. It is observed that the activation energy of propagation E, p,,p follow the
order APS < CAMS < AMS < St. The enthalpy of product formation (AH) in Eq.
(iv) is maximum for St monomer followed by AMS, CAMS, and APS. These results

Table 3 The E,, AH*, AS*, and AG* values for the oxidative polymerization of St, AMS, CAMS, and
APS

Monomer E, (kcal mol™}) AH? (kcal mol™h) AS* (cal K~! mol™h) AG* (kcal mol™h)

St 29.0 28.0 L5 27.5
AMS 26.0 25.5 —4.3 26.9
CAMS 22.0 21.2 —-16.9 26.7
APS 15.0 13.1 —40.5 26.1
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Table 4 Thermodynamic

-1 -1
parameters for the oxidative Monomer Eq prop (kcal mol™") AH (kcal mol™ ")
copolymerization of St, AMS,
CAMS, and APS St 7.26 —8.82

AMS 6.28 -9.07

CAMS 6.14 —-9.24

APS 5.84 —9.90

clearly show that thermodynamically and energetically the rate of polymerization
will follow the order APS > CAMS > AMS > St, which matches well with our
experimental observations discussed before. However, experimental activation
energy of propagation (E,) does not match with the calculated activation energy of
propagation (E, prop). This could be due to the estimation we have made during the
experimental evaluation of E,,. Also, approximations during DFT calculations may
affect the computation of various kinetic and thermodynamic parameters.

Figures 6a, b, and ¢ show the electron density plot for St, AMS and APS,
respectively. Careful observation shows that the electron density for vinyl C=C
bond of AMS (Fig. 6b) is more than St (Fig. 6a). For APS, the electron density is
maximum. The electron richness of the vinyl = bond in the monomer favors to react
with the —MOj radical. The R, increases in the sequence APS > CAM-
S > AMS > St, is also the sequence of increasing « electron density at the double
bond of the styrenic monomers.

Conclusions

The 1:1 copolymeric structure of PCAMSP was confirmed by using spectroscopy
and elemental analysis. Like other vinyl polyperoxides, the PCAMSP shows a
highly exothermic heat of degradation, and degradation is controlled by the
dissociation of the peroxide (—O—-O-) bond in the polymer main chain. The kinetics
of oxidative polymerization of a-substituted styrene monomers such as St, AMS,
CAMS, APS at 40-50 °C and 100 psi oxygen pressure indicated that the rates of
oxidative polymerization reaction depend on a-substitution group in the monomer.

-0.024e - l - 0015

(a) (b)

Fig. 6 Electron density plot of a St, b AMS, and ¢ APS
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For all the monomers, R, increases with increasing temperature and follows the
order: APS > CAMS > AMS > St. This was supported by the observed reverse
order of activation energies of propagation during oxidative polymerization.
Theoretical calculations supported the order of oxidative polymerization rates and
activation energies of propagation. The experimental R, trend was further
corroborated by calculating the heats of propagating radical formation, which is
maximum for St monomer followed by AMS, CAMS, and APS.
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