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ABSTRACT:	� Renewable monomers containing allylic C-H bonds in their structure are prone to degradative chain 
transfer in free-radical polymerization, which will dramatically decrease the polymerization rate. In order 
to understand this mechanism, a kinetic model incorporating a degradative chain transfer mechanism for 
the free-radical copolymerization of d-limonene (LIM) and n-butyl methacrylate (BMA) was developed 
using PREDICI. Model predictions offered insight on how degradative chain transfer reactions affect 
conversion, copolymer composition and molecular weight in the polymerization. Experimental data from 
copolymerizations at monomer feed compositions (LIM/BMA, mol/mol) of 10/90, 20/80 and 30/70 were 
compared to the model’s predictions. Moreover, it was discovered that degradative chain transfer results 
in elevated concentrations of growing polymer chains ending in allylic limonene radicals, which inevitably 
influences termination reactions and molecular weight development.
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1  INTRODUCTION

Renewable monomers are playing an increasingly 
important role as alternatives to fossil-based mono-
mers for the production of polymeric materials [1–3]. 
A variety of renewable components such as terpenes, 
cellulose, starch, vegetable oils, and lignins, have been 
explored to produce a range of polymers [4, 5]. The 
use of renewable monomers may, however, pose many 
technological challenges. For example, terpenes, one 
of the vastest families of renewable monomers, are 
prone to a degradative chain transfer mechanism due 
to the presence of allylic C-H bonds [1, 6]. In Figure 1, 
some terpene monomers and examples of allylic C-H 
bonds in their structures are shown.

Degradative chain transfer reactions not only dra-
matically decrease the average molecular weight, 
but also result in a sharp decrease in the propagation 
rate. Typically, this occurs in the free-radical polym-
erization of allylic monomers (CH2=CH-CH2Y), such 
as allyl acetate, propylene and so on [7]. The alpha 
C-H bond attached to the double bond is relatively 

weak and leads to chain transfer to the monomer; as a 
result, an extremely stable allylic radical is produced, 
which to some extent, ends the reaction [6]. The deg-
radative chain transfer mechanism of limonene is 
shown in Figure 2. The polar effect of the functional 
groups will determine the stability of the radicals 
produced: the more electron-donating group results 
in a more stable allylic radical. As a consequence of 
degradative chain transfer, allylic monomers are not 
usually able to be homopolymerized via free-radical 
polymerization; exceptions such as with methacrylic 
monomers abound. Nevertheless, in the face of the 
challenges to homopolymerization, it may be possi-
ble to copolymerize the allylic monomers with other 
monomers.

D-limonene (LIM) is a monocyclic terpene existing 
in many essential oils (e.g., orange oils). The allylic 
C-H bonds in the d-limonene structure (see Figure 1a) 
make it difficult to homopolymerize via the standard 
free-radical mechanism. On the other hand, d-lim-
onene copolymers were produced by free-radical 
copolymerization but yielded limited conversions 
and decreased molecular weights, which implied a 
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noticeable degradative chain transfer effect [8–10]. In 
order to achieve higher conversions and at the same 
time incorporate more d-limonene, the effect of deg-
radative chain transfer needs to be estimated and 
controlled.

PREDICI (Polyreaction Distributions by Countable 
Integration) is a simulation package for the modeling 
of polymerization processes that can offer modeling 
results with accuracy and efficiency. PREDICI has been 
widely used to model polymerization processes, such 
as free-radical copolymerization [11], living polym-
erization (e.g., RAFT polymerization) [12], emulsion 
polymerization [13], and so on. In this work, we used 
the PREDICI program to clarify the impact of the deg-
radative chain transfer mechanism in the copolymer-
ization of d-limonene and n-butyl methacrylate and to 
propose solutions for overcoming the corresponding 
effect.

2  MODELING

2.1 � Copolymerization Kinetics 
Development

The free radical copolymerization of d-limonene and 
n-butyl methacrylate (BMA) was investigated using 
experimental data obtained from our previous work 
[9]. N-butyl methacrylate was chosen as a comono-
mer since it could yield higher conversion, higher 
molecular weight polymers (compared to other 
methacrylate compounds) in the desired Tg range for 
pressure-sensitive adhesives, our target application. 
The bulk polymerization was conducted at 80°C, 
using benzoyl peroxide as initiator. We developed 
the kinetic model for polymerizations where degra-
dative chain transfer is significant. In Table 1, all the 
kinetic steps implemented in PREDICI are shown, 
where M1 represents d-limonene and M2 represents 
n-butyl methacrylate. The kinetic model and corre-
sponding rate constants for this system are discussed 
below.

2.1.1  Initiation

In this study, benzoyl peroxide (BPO) was used as ini-
tiator, which has a decomposition half-life of 277 min 
at 80°C [14]. It decomposes to produce two free radi-
cals with an efficiency factor, f, assumed to be constant 
at 0.6. The decomposition rate of BPO was fit to the 
Arrhenius relation [15–17]:

	
−  = ×   sk s e

T
1 13 15148

( ) 6.4290 10 � (1)

The initiator free radicals then initiate any of 
two monomers in the reaction mixture. Regarding 
the two double bonds in the d-limonene structure, 
because of steric hindrance, polymerization through 
the internal double bond of d-limonene would be 
very limited if at all possible, so we assumed that 
the locus of polymerization would be at the external 
double bond. However, due to the existence of allylic 
carbons in the d-limonene structure (see Figure 1a), 
the initiation of d-limonene monomer will result in 
different limonene radicals. In this study, the d-limo-
nene radicals produced via the traditional initiation 
reaction with the external double bond were named 
RM1

∙, and the other allylic radicals were designated 
as RM1

∙′. Examples of each radical are shown in 
Figure 3.

Figure 1  Terpenes and their allylic C-H bonds: a) d-limonene, 
b) α-pinene, c) myrcene.
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Figure 2  Degradative chain transfer mechanism of limonene.
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2.1.2  Propagation

The propagation reactions were assumed to obey the 
terminal model proposed by Mayo and Lewis, which 
implies that the chemical reactivity of a polymer chain 
depends only on the monomer radical at the end of the 
growing polymer chain [18]. As shown in Table 1, there 
are six possible propagation reactions, where kpij is the 
propagation rate parameter for the addition of mono-
mer j to a growing radical chain ending in monomer 
i. kp22, the propagation rate constant for the homopoly-
merization of n-butyl methacrylate used was [15–17]:

	 ( )
 −  − − = ×i T

pk L mol s e
2805.3

1 1 6
11 3.44 10 � (2)

Because the propagation rate constant for the homo-
polymerization of d-limonene, kp11, was not available in 
the literature, a value was assumed initially and was 
used as an adjustable parameter in the model devel-
opment. The propagation rate constants for the allylic 
radicals, kp11′ and kp12′ were treated in the same way. 
The rate constants kp12 and kp21 were obtained from the 
monomer reactivity ratios:

	
= pii

i
pij

k
r

k
� (3)

where ri are the reactivity ratios estimated in our previ-
ous work [9].

Methacrylate monomers are known to exhibit depro-
pagation due to their relatively low ceiling tempera-
ture (200–210°C) at concentrations of [M] = 1 mol/L 
[19]. In the present model, we neglected the effects of 
depropagation of n-butyl methacrylate because at the 
reaction temperature of 80°C, one would expect that 
depropagation effects on propagation should be insig-
nificant [20].

2.1.3  Chain Transfer to Monomer

In this work, chain transfer to monomer was imple-
mented in the model, while chain transfer to polymer 
was neglected in view of the fact that elevated polymer 

concentrations were not often present experimentally 
(i.e., batch polymerizations to conversions below 90%). 
The chain transfer rate constants to n-butyl methacry-
late (M2) were calculated using [15–17]:

	 ( )
 −  − − =i T

fmk L mol s e
4188.5

1 1
12 841.99 � (4)

	 ( )
 −  − − =i T

fmk L mol s e
4188.5

1 1
22 5132.5 � (5)

The chain transfer rate constants to d-limonene 
were assumed.

2.1.4  Termination

The termination rate constant is defined as the sum of 
termination by combination (ktcij) and disproportion-
ation (ktdij):

	 = +t tc tdk k k � (6)

Diffusion-controlled effects on termination were 
also incorporated into the model [6]; the free volume 
theory, shown in Equations 7 and 8, was used for this 
purpose [21–24].

	

b
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where ktc is the effective termination rate coefficient, 
ktco is the corresponding intrinsic termination rate coef-
ficient, βt is a free volume parameter for termination. 
Vf0 is the initial fractional free volume; Vf is the frac-
tional free volume at time t, which is calculated using 
Equation 8, where T is the temperature, Tgi is the glass 
transition temperature of component i, Vi is the vol-
ume of component i, Vt is the total volume, and αi is a 
parameter for the calculation of free volume. Although 
kt values were available from the literature [15–17], 
it was necessary to fine-tune these parameters (see 
reported values in Table 2).

In summary, the present kinetic model was devel-
oped based on conventional copolymerization kinetics 
(e.g., initiation, propagation, termination). By intro-
ducing the d-limonene allylic radicals produced via 
degradative chain transfer mechanism, we were able 
to simulate the effect of degradative chain transfer on 
various measured polymer characteristics. In addi-
tion, we also considered a diffusion control effect on 
termination.
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Figure 3  Examples of radicals RM1∙ and RM1∙′.
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2.2  Parameter Estimation

For the most part, the kinetic model parameters 
related to the initiator (BPO) and n-butyl methacrylate 
were obtained from the literature, whereas parameters 
related to d-limonene were unknown. The latter were 
assumed at the start of model development and were 
fit to the experimental data for Case 2 (see Table 2). 
These estimated parameters were then applied to pre-
dict the reaction data in Cases 1 and 3. The values of 

all the final parameters used in the model are listed in 
Table 3.

3  RESULTS AND DISCUSSION

Data from three copolymer feed compositions from 
our previous work [9] (Table 2) were studied. The 
bulk free-radical copolymerizations were performed 
in several series of glass ampoules at 80°C with BPO 

Table 1  Model implementation in PREDICI.

Reaction Step Kinetic Rate Constant (L mol-1 s-1)*

Chemical Initiation I→2f R∙ kd (s
-1)

R∙+M1→RM1
∙ ki1

R∙+M1→RM1
∙′ ki1′

R∙+M2→RM2
∙ ki2

Propagation RM1,r
∙+M1→ RM1,(r+1)

∙ kp11

RM1,r
∙+M2→ RM2,(r+1)

∙ kp12

RM2,r
∙+M1→ RM1,(r+1)

∙ kp21

RM2,r
∙+M2→ RM2,(r+1)

∙ kp22

RM1,r
∙′+M1→ RM1,(r+1)

∙ ′ kp11′

RM2,r
∙′+M1→ RM1,(r+1)

∙ ′ kp21′

Chain Transfer to Monomer RM1,r
∙+M1→ Pr +RM1

∙ kfm11

RM1,r
∙+M2→ Pr +RM2

∙ kfm12

RM2,r
∙+M1→ Pr +RM1

∙ kfm21

RM2,r
∙+M2→ Pr +RM2

∙ kfm22

RM1,r
∙+M1→ Pr + RM1

∙′ kfm11′

RM2,r
∙+M1→ Pr +RM1

∙′ kfm21′

Termination by Combination RM1,r
∙+ RM1,s

∙→ P(r+s) ktc11

RM1,r
∙+ RM2,s

∙→ P(r+s) ktc12

RM2,r
∙+ RM2,s

∙→ P(r+s) ktc22

RM1,r
∙′+ RM1,s

∙′→ P(r+s) ktc11′′

RM1,r
∙+ RM1,s

∙′→ P(r+s) ktc11′

RM2,r
∙+ RM1,s

∙′→ P(r+s) ktc21′

Termination by Disproportionation RM1,r
∙+ RM1,s

∙→ Pr+ Ps ktd11

RM1,r
∙+ RM2,s

∙→ Pr+ Ps ktd12

RM2,r
∙+ RM2,s

∙→ Pr+ Ps ktd22

*unless otherwise indicated

Table 2  Cases Analyzed.

Case BMA/LIM  (mol/mol) BPO (mol·L–1) BMA (mol·L–1) LIM (mol·L–1) Reaction Temperature (oC)

1 70/30 0.020 4.37 1.88 80

2 80/20 0.018 5.01 1.25 80

3 90/10 0.019 5.65 0.63 80
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as initiator for all three cases. Conversion data were 
measured using gravimetry, copolymer composition 
data were calculated from 1H-NMR spectroscopy 
and molecular weight data were collected using a gel 
permeation chromatography (GPC) setup including 
refractive index, light scattering and viscosity detec-
tors. Details on the experimental measurements are 
given in [9]. In Figure 4, the conversion vs time data are 
plotted along with the model prediction. The model 
predictions fit the experimental data well in all three 
cases. The model correctly predicts limiting conver-
sions of greater severity with increasing d-limonene 
content in the monomer feed.

Cumulative copolymer compositions were pre-
dicted using two different models: one considering 
only monomer consumption by propagation, and the 
other considering monomer consumption by initia-
tion, propagation and chain transfer. Both models gave 
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Figure 4  Conversion vs time for cases a) 1, b) 2, and c) 3.

Table 3  Kinetic parameters used in the model.

Parameters Units Value

kd s–1 1.51 × 10–5

f 0.6
ki1 L∙mol–1∙s–1 1.30 × 10–1

ki1’ L∙mol–1∙s–1 1.83

ki2 L∙mol–1∙s–1 1.22 × 103

kp11 L∙mol–1∙s–1 1.33 × 101

kp12 L∙mol–1∙s–1 2.83 × 102

kp21 L∙mol–1∙s–1 2.00 × 102

kp22 L∙mol–1∙s–1 1.22 × 103

kp11’ L∙mol–1∙s–1 1.67 × 10–10

kp21’ L∙mol–1∙s–1 1.67 × 10–8

kfm11 L∙mol–1∙s–1 1.83

kfm12 L∙mol–1∙s–1 5.95 × 10–3

kfm21 L∙mol–1∙s–1 1.83

kfm22 L∙mol–1∙s–1 3.63 × 10–2

kfm11′ L∙mol–1∙s–1 1.83

kfm21′ L∙mol–1∙s–1 1.83

ktc11 L∙mol–1∙s–1 2.20 × 106

ktc12 L∙mol–1∙s–1 5.10 × 106

ktc22 L∙mol–1∙s–1 7.36 × 107

ktc11’’ L∙mol–1∙s–1 3.10 × 106

ktc11’ L∙mol–1∙s–1 0

ktc21’ L∙mol–1∙s–1 2.41 × 106

ktd11 L∙mol–1∙s–1 0

ktd12 L∙mol–1∙s–1 0

ktd22 L∙mol–1∙s–1 0
βt 2.00
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essentially identical predictions (see Figure 5a), with 
only slight differences noted at the very beginning of 
the reaction; this applied to all three cases studied. In 

Figure 5, the model predictions using only propagation 
are shown for all three experimental cases. Excellent 
agreement to the experimental data was obtained.

Number- and weight-average molecular weight 
predictions were also performed in this work (see 
Figure 6). The molecular weight data and model pre-
dictions offer particular insight into the influence of 
degradative chain transfer on the reaction kinetics. 
Both model predictions and the experimental data 
reveal a relatively flat molecular weight profile, which 
is consistent with polymerization kinetics dominated 
by chain transfer to small molecules. The model pre-
dictions do overestimate the molecular weights some-
what and this may relate, in part, to the experimental 
data measurement technique. As noted above, the 
molecular weight averages were measured using GPC 
equipped with light scattering, refractive index and 
viscosity detectors (Agilent GPC and Wyatt detec-
tors). In this GPC configuration, the refractive index 
increment (dn/dc) value of the polymers in tetrahy-
drofuran (the elution solvent) has a significant influ-
ence on the results. In general, the dn/dc value of the 
corresponding homopolymer of each comonomer is 
known or estimated experimentally, and then dn/
dc values of the copolymers are calculated based on 
the copolymer composition of the sample analyzed. 
In our case, the experimental data were obtained by 
assuming that the dn/dc values of the copolymers 
were that of poly(n-butyl methacrylate), given that 
over 92 mol% of n-butyl methacrylate was incorpo-
rated in the copolymer chain for all three cases and 
that a valid dn/dc value for poly(limonene) was not 
available from the literature. One should recall that 
poly(limonene) homopolymerization to high molecu-
lar weights is not possible. At the same time, however, 
the overwhelming degradative chain transfer due to 
d-limonene may have led to a significant proportion of 
polymer chains ending with limonene allylic radicals; 
this could have a profound effect on the actual dn/
dc values, and in turn, greatly influence the measured 
molecular weight averages [25, 26]. It would be prefer-
able to measure the dn/dc values for each sample to 
improve the accuracy of the data, but for the compari-
son of molecular weight trends during model devel-
opment the present approach is sufficient. The greater 
deviation of the model predictions from the experi-
mental data observed for Case 3 supports this hypoth-
esis. Since copolymer compositions drifted more with 
conversion in Case 3, a greater drift in dn/dc values 
was likely, and thus, more serious deviations from the 
model predictions would be expected. Regardless, the 
trends expressed by the model predictions do show 
that the polymer molecular weight development was 
dominated by chain transfer to small molecules rather 
than bimolecular termination.

Model prediction 1

Model prediction 2

Case 1

0.6

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8 1
Conversion (wt. fraction)

F B
M

A
 (m

ol
 fr

ac
tio

n)

Model prediction

Case 3

0.6

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8 1
Conversion (wt. fraction)

F B
M

A
 (m

ol
 fr

ac
tio

n)

Model prediction 1

Case 2

0.6

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8 1
Conversion (wt. fraction)

F B
M

A
 (m

ol
 fr

ac
tio

n)

(a)

(b)

(c)

Figure 5  Cumulative copolymer composition vs conversion 
for cases a) 1, b) 2, and c) 3.
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Reports on the homopolymerization of n-butyl 
methacrylate suggest that the termination reaction 
contains both combination and disproportionation 
[27]. Thus, during our model development, both 
modes of termination were considered. However, our 

model predictions suggest that in the copolymeriza-
tion of d-limonene and n-butyl methacrylate, termi-
nation by combination dominates. This is consistent 
with the polydispersity results, where the polydis-
persity values were between 1.5 and 2, indicating that 
the termination by combination was favored in this 
polymerization.

As noted earlier, the effect of diffusion control was 
implemented in the model. Generally, in bulk free-
radical polymerization, we expect diffusion-controlled 
termination to have a significant influence on conver-
sion and molecular weight results [6]. In this work, we 
compared cases with and without diffusion-controlled 
termination. Only minor differences in model pre-
dictions were observed between the two cases. Since 
pronounced degradative chain transfer of d-limonene 
dominated the copolymerization, it is not unexpected 
to observe that diffusion-controlled termination was 
not active in this system because of the lower molecu-
lar weight chains (and lower viscosity) experienced 
through much of the copolymerizations.

4  CONCLUSION

In this work, we modeled the effect of degradative 
chain transfer of d-limonene in the free-radical copoly-
merization with n-butyl methacrylate using PREDICI. 
A polymerization kinetic model was developed to 
simulate the effect of degradative chain transfer by 
introducing limonene allylic radicals. We were able 
to obtain excellent fit to the conversion and cumula-
tive copolymer composition experimental results. 
Molecular weight and polydispersity results proved to 
be consistent with the experimental trends. Based on 
our results, it is clear that the degradative chain trans-
fer of d-limonene plays a vital role in the copolymer-
ization. It not only limits conversion, but also greatly 
influences molecular weight development.

With a model able to predict the effect of degra-
dative chain transfer, we can now seek solutions to 
overcome these effects. This also opens the door to 
the incorporation of more renewable monomers that 
have not been fully explored because of the presence 
of allylic C-H bonds.
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Nomenclature

f	 Initiator efficiency, dimensionless
kd	 Decomposition rate, s–1

kfmi	� Chain ending in monomer i transfer to 
monomer j rate parameter, L∙mol–1∙s–1

ki	� Kinetic rate parameter for first 
propagation, L∙mol–1∙s–1

kpij	� Propagation rate parameter for the 
addition of monomer j to a growing chain 
ending in monomer i

kt	 Termination rate parameter, L∙mol–1∙s–1

ktc0	� Intrinsic termination rate parameter, 
L∙mol–1∙s–1

ktcij	� Termination by combination rate 
parameter, L∙mol–1∙s–1

ktdij	� Termination by disproportionation rate 
parameter, L∙mol–1∙s–1

Mi	 Monomer i
Mi•	 Monomer i free radical
Pr	 Dead polymer chain of size r
R•	 Initiator radical
ri	� Reactivity ratio for monomer I, 

dimensionless
RMi,r•	� Polymer free radical of size r, ending in 

monomer i
T	 Temperature, K
Tgi	� Glass transition temperature of 

component i, K
Vf	 Fractional free volume at time t
Vf0	 Fractional free volume at initial
Vi 	 Volume of component i
Vt	 Total volume of reaction mixture
αi	� Parameter for calculation of free 

volume, K–1

βt	� Free volume parameter for termination, 
dimensionless
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