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ynthesis optimization and kinetics
of a sustainable terpolymer†
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The properties of polymers are primarily influenced by their monomer constituents, functional groups, and

their mode of linkages. Copolymers, synthesized frommultiple monomers, offer uniquematerial properties

compared to their homopolymers. Optimizing the synthesis of terpolymers is a complex and labor-

intensive task due to variations in monomer reactivity and their compositional shifts throughout the

polymerization process. The present work focuses on synthesizing a new terpolymer from styrene,

myrcene, and dibutyl itaconate (DBI) monomers with the goal of achieving a high glass transition

temperature (Tg) in the resulting terpolymer. While the copolymerization of pairwise combinations of

styrene, myrcene, and DBI have been previously investigated, the terpolymerization of all three at once

remains unexplored. Terpolymers with monomers like styrene would provide high glass transition

temperatures as the resultant polymers exhibit a rigid glassy state at ambient temperatures. Conversely,

minimizing styrene incorporation also reduces reliance on petrochemical-derived monomer sources for

terpolymer synthesis, thus enhancing the sustainability of terpolymer usage. To balance the objectives of

maximizing Tg while minimizing styrene incorporation, we employ multi-objective Bayesian optimization

to efficiently sample in a design space comprising 5 experimental parameters. We perform two iterations

of optimization for a total of 89 terpolymers, reporting terpolymers with a Tg above ambient

temperature while retaining less than 50% styrene incorporation. This underscores the potential for

exploring and utilizing renewable monomers such as myrcene and DBI, to foster sustainability in polymer

synthesis. Additionally, the dataset enables the calculation of ternary reactivity ratios using a system of

ordinary differential equations based on the terminal model, providing valuable insights into the reactivity

of monomers in complex ternary systems compared to binary copolymer systems. This approach reveals

the nuanced kinetics of terpolymerization, further informing the synthesis of polymers with desired

properties.
Introduction

Polymers, due to their versatile mechanical and physical prop-
erties, play an indispensable role in everyday life with applica-
tions in numerous industries and products. These properties
can be attributed to the polymer's molecular weight distribution
(MWD),1,2 as well as the identity of the monomers that make up
ineering (IMRE), Agency for Science

Fusionopolis Way, Innovis #08-03,

. E-mail: balamurugan_ramalingam@

ate School, Integrative Sciences and

dge Road, Singapore 119077, Republic

ng, Nanyang Technological University,

-mail: kedar@ntu.edu.sg

ergy and Environment (ISCE2), Agency

AR), 1 Pesek Road, Singapore 627833,
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the nal polymer,3 among other factors.4 Terpolymerization,
which involves the simultaneous polymerization of three
monomers, has commercial signicance due to its potential to
create polymers with unique properties absent in their corre-
sponding homopolymers, allowing for greater customization of
polymer properties.5 One example is acrylonitrile–butadiene–
styrene (ABS), a tough material used for consumer products
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† Electronic supplementary information (ESI) available: experimental details
and tables of collated terpolymer data. The ESI contains the following
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made through injection molding.6,7 In comparison to its
homopolymer polystyrene, ABS is opaque, exhibits good impact
strength, and improved chemical resistance. The properties of
ABS can also be tailored with the ratio of the three monomers8

based on specic requirements.
However, the traditional production of terpolymers and

synthetic polymers relies heavily on petroleum-based mono-
mers derived from fossil fuels,9 leading to environmental
concerns such as greenhouse gas emissions10 and the depletion
of non-renewable resources.11 Therefore, there is a pressing
need to explore alternative sources of monomers used in poly-
mer synthesis that are renewable, ideally possessing similar
properties to their petroleum-based counterparts. One such
avenue includes research into sustainable polymers12 which
exhibit reduced environmental impact throughout their life
cycles.13 By utilizing monomers obtained from renewable
resources such as bio-based materials,14 polymers with reduced
reliance on fossil fuels can be developed that contribute to
a more circular economy.15 A polymer that has a high
percentage of its carbon content derived from natural or bio-
based sources generally has a higher sustainability footprint
than those with lower biobased carbon content. Therefore, we
set a threshold of 50% of carbon from natural sources to
identify materials that contribute to sustainability by reducing
dependence on fossil fuels and lowering carbon footprints. This
aligns with the guidelines set forth by the International Orga-
nization for Standardization (ISO) regarding the utilization of
natural or bio-derived products across various applications.16

Consequently, the development of sustainable polymers has
become increasingly imperative in today's world.17

Tremendous efforts have been taken for the synthesis of
sustainable or green polymers in the literature.12,18–20 A
sustainable poly(DBI-co-butadiene) elastomer was synthesi-
zed21a via environmentally benign emulsion polymerization
methods. The resulting copolymers showed very highmolecular
weight (Mn, 236 kDa to 392 kDa) and mechanical properties as
good as the synthetic rubber although they possess Tg of −42 to
−72 °C. Copolymerization of myrcene and styrene for the
synthesis of terpene-based renewable polymers under cationic
polymerization conditions in aqueous medium was reported.21b

The resulting copolymers exhibit high molecular weights (Mn,
Fig. 1 Reaction scheme for the terpolymerization of styrene, myrcene an
presence of the AIBN radical initiator to form the styrene–myrcene–DBI t
ratios of the three monomers, ranging from 5mol% to 95mol% individual
AIBN molar ratio against the total amount of monomer ranges from 0.01
while the reaction time ranges from 1 hour to 8 hours. n, x and y subs
incorporation in the synthesized terpolymer.

© 2024 The Author(s). Published by the Royal Society of Chemistry
60 to 120 kDa) and glass transition temperatures (Tg,−43 to 15 °
C). Sarkar and Bhowmick also reported the synthesis of Myr–
DBI copolymers which have shown potential as substitutes for
synthetic elastomers, exhibiting a range of sub-ambient glass Tg
between−60.3 °C to−33.5 °C, depending on the weight percent
of myrcene.22 Myrcene is a naturally occurring terpene found in
plants such as thyme and lemongrass,23 while DBI can be
produced by the fermentation of raw corn starch,24 resulting in
a fully bioderived myrcene–DBI copolymer. These efforts mark
an important step towards the replacement of petroleum-based
polymers with sustainable alternatives. However, the lower Tg
restricts the copolymer's use across a broader range of appli-
cations. To enhance the practical utility of this polymer, we
propose incorporating styrene as a third monomer. This
modication is expected to elevate the Tg of the resulting
terpolymer to the ambient range enabling further applications
of the terpolymer in its glassy state. We posit that the presence
of rigid phenyl side chains in the styrene monomer would
increase the Tg of the terpolymer.25,26 Although styrene is not
derived from renewable sources, its global production exceeds
30 million tons per year,27 making it an easily accessible
monomer. To maintain the sustainability prole of the nal
terpolymer, we aim to limit the incorporation of styrene while
still seeking to elevate the Tg of the terpolymer. Additionally, in
an effort to further enhance the sustainability footprint of the
terpolymer synthetic process, we carry out the terpolymeriza-
tion reaction in a solvent-free manner, circumventing the use of
hazardous and toxic chemicals as solvents.

With this goal in mind, we looked to optimize the synthesis
of styrene–myrcene–DBI terpolymers with maximal Tg and
minimal styrene incorporation utilizing machine learning (ML)
methods with the experimental data collected from one-pot
radical terpolymerization reactions. To achieve this, we varied
not only the molar ratio of the three monomers in the reaction
feed, but also explored different AIBN (azobisisobutyronitrile)
radical initiator molar ratios, reaction temperatures, and reac-
tion durations, as shown in the reaction scheme in Fig. 1 below.

These experimental parameters can be adjusted to explore
different combinations and their effects on the terpolymer
properties. Although six input experimental parameters are
listed, only ve input parameters are independent due to the
d DBI. Styrene, myrcene and DBI will undergo terpolymerization in the
erpolymer. The input parameters of the reaction include the feedmolar
ly. The feedmolar ratios of the threemonomers must add to 100%. The
mol% to 5 mol%, the reaction temperature ranges from 60 °C to 80 °C,
cripts in the terpolymer structure stands for the fraction of monomer

Digital Discovery, 2024, 3, 2628–2636 | 2629
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Fig. 2 Workflow for Bayesian optimization and terpolymer discovery. A random initialization using Sobol sampling is first conducted. The
terpolymer synthesis process involves a one pot terpolymerization of styrene, myrcene and DBI under the suggested input experimental
conditions. Subsequently, Tg is determined via DSC, while the molar ratio of styrene incorporated is determined via 1H NMR. This process
generates a dataset of the input experimental conditions, with Tg and styrene incorporation, used to train the GP surrogate model. Based on the
trained surrogate model, the qNEHVI acquisition function quantifies which input conditions result in the highest expected improvement of HV.
The most promising samples will be experimentally validated, and this optimization cycle is repeated twice.
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linear dependence28 between the feed molar ratios of styrene,
myrcene, and DBI. As previously mentioned, we focus on
maximizing the Tg and minimizing styrene incorporation of the
nal terpolymer. These terpolymer attributes are then
measured offline by differential scanning calorimetry (DSC) and
1H NMR, respectively.

Uniformly grid sampling across the 5-dimensional input
parameter space would be extremely labour and resource-
intensive. Therefore, we employ Bayesian Optimization (BO),29

which is a sample-efficient optimizer using the predictive
capabilities of a surrogate model to suggest the next experi-
ment(s) to perform, by which the model is updated on the new
observations. This process is iterated until the desired optimi-
zation objective is attained. In a bi-objective optimization
problem, both objectives must be balanced, where the optimal
set of non-dominated solutions (meaning there are no other
solutions which are as good or better in both objectives) is
denoted as the Pareto Front (PF). Hypervolume (HV) is an
2630 | Digital Discovery, 2024, 3, 2628–2636
important performance metric which considers the space
covered by optimal solutions, bounded by a reference point. To
perform BO in this context, amulti-objective BO algorithmmust
be used.

In this work, we used the Gaussian Process29–31 (GP) regressor
as the surrogate model. GPs are Gaussian distributions over
functions and serve as probabilistic MLmodels that can capture
uncertainties associated with the black-box function. This is
implemented in BoTorch32 with a Matern5/2 kernel,33 with
independent models for each objective (Tg and styrene incor-
poration). We opted to use q-Noisy Expected Hypervolume
Improvement (qNEHVI) acquisition function which is a state-of-
the-art strategy for multi-objective optimization, and is also
proven to be robust in handling observation noise.34,35 The
qNEHVI acquisition function estimates the expected improve-
ment of the HV of a suggested sample as predicted by the
surrogate model.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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To ensure a xed sum of 100% ratio between styrene, myr-
cene and DBI, we used Sobol sampling to provide a discrete set
of samples that are then normalized to sum to 1. This con-
strained sample set is evaluated on the qNEHVI acquisition and
ranked for highest acquisition value to be evaluated next,
similar to the pre-repair optimization reported by Low and
Mekki-Berrada.36 The workow and optimization process are
shown in Fig. 2 below.

The optimization campaign is initialized with 55 input
conditions with styrene concentration restricted to between 5–
50%, suggested from Sobol sampling37 to ensure good coverage
of the targeted design space. Aer synthesis, the Tg and styrene
incorporation of the terpolymer were determined to form the
dataset of experimental input and output conditions for
training surrogate models. Thereaer, two iterations of BO,
consisting of 20 samples and 14 samples respectively, were
performed. We opted to evaluate a smaller batch size for the
second iteration due to the observed saturation of the Pareto
Front (PF), as well as experimental throughput limitations. In
total, 89 terpolymer samples were synthesized at the end of the
optimization campaign. All relevant data, including the detailed
experimental procedure, Tg and styrene incorporation of all
terpolymer samples are included in the ESI.†
Results and discussion

Before commencing the optimization campaign, we initially
synthesized the terpolymer from styrene, myrcene, and DBI to
conrm its formation. An equimolar feed ratio of all three
monomers was subjected to a reaction conditions and stirred at
80 °C for 4 hours in the presence of AIBN. Samples were
collected every 30 minutes to monitor the depletion of indi-
vidual monomers. As illustrated in Fig. 3a, the monomers were
steadily consumed, resulting in an overall monomer conversion
of approximately 55%. The reaction mixture was gradually
added dropwise to methanol for the precipitation of the
terpolymer and analysed. Gel permeation chromatography
(GPC, Fig. 3b) plot displayed unimodal and symmetrical traces
at a shorter retention time of 15.9 min. The formation of poly-
mers with number average molecular weight (Mn) 14 150 Da and
Fig. 3 (a) Reactivity profile of styrene, myrcene and DBI in the formatio
plotted against reaction time. (b) GPC of the terpolymer synthesized from

© 2024 The Author(s). Published by the Royal Society of Chemistry
polydispersity index (Mw/Mn) of 1.8 indicated the formation of
higher molecular weight compounds. The incorporation of
styrene, myrcene and DBI was conrmed by analysing 1H NMR
of the precipitated polymer. The broad peaks observed at
7.2 ppm, 5.0 ppm and 4.0 ppm are respectively assigned to the
protons of styrene, myrcene and DBI. The peak area integration
of these peaks indicated that styrene, myrcene and DBI are
incorporated in the resultant terpolymer in the ratio of 27.4 :
36.3 : 36.3 (Fig. S1, ESI†). This ratio is different from the equi-
molar feed ratio due to the difference in the reactivity ratios (cf.,
Table 1) amongst the different monomers in the reaction
mixture. The two-dimensional Heteronuclear Single Quantum
Coherence (HSQC) and Heteronuclear Multiple Bond Correla-
tion (HMBC) spectra of the terpolymer displayed the 1H–13C
correlations among monomers conrms the terpolymer
formation from all three monomers. The detailed information
on the terpolymer synthesis and spectral assignments are pre-
sented in the ESI.† The synthesized terpolymer exhibits a Tg
value of −17.5 °C, which is signicantly different from pairwise
combinations of equimolar amounts of styrene, myrcene, and
DBI as well as their homopolymers (cf. ESI†). The above
comprehensive data validates the synthesis of a terpolymer
comprising styrene, myrcene, and DBI monomers.

The objective space presented in Fig. 4a to c illustrates the
trade-off between Tg and negative styrene incorporation in the
nal terpolymer. The observed negative correlation between Tg
and styrene incorporation supports our initial hypothesis that
the addition of styrene would elevate the Tg of the nal
terpolymer due to presence of rigid phenyl side chains. Overall,
the optimization process yielded terpolymers with Tg ranging
from −53.4 °C to 45.9 °C with corresponding styrene incorpo-
ration ranging from 0.9 mol% to 84.7 mol%. Fig. 4d reports an
increasing realized HV across batches, indicating iterative
improvements for every subsequent batch of synthesized
terpolymers. Consequently, the optimization process resulted
in the dense distribution of the 89 terpolymers across the entire
Tg temperature range and styrene incorporation range. With
reference to the input experimental conditions of these 89
terpolymers, we report the complete range of Tg and styrene
n of terpolymer. The unreacted monomer was quantified by NMR and
an equimolar feed concentration ratio of styrene, myrcene and DBI.

Digital Discovery, 2024, 3, 2628–2636 | 2631
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incorporation by which scientists can tailor for desired
properties.

When restricting the styrene incorporation to below
50 mol%, myrcene and DBI become the primary constituents of
the nal terpolymer, signicantly enhancing its sustainability
prole. The highest Tg reported with this constraint is 24.6 °C,
which falls within the ambient range with an incorporation of
47.7%, 23.2% and 29.2% of styrene, myrcene and DBI respec-
tively. (cf. Table S9, sample TP88, ESI†). This represents
a signicant improvement over a pure myrcene-DBI equally
incorporated copolymer that exhibit Tg of −45.6 °C,17 while still
maintaining a reasonable styrene incorporation. Detailed
information on the BO implementation and code can be found
in the ESI† and GitHub repositories.

Having reached a point of diminishing returns in the opti-
mization process, we concluded the Bayesian Optimization (BO)
aer two iterations. This decision was based on the observed
saturation of the Pareto Front (PF), indicating that further
improvements in the optimization objectives were unlikely
Fig. 4 Objective space of the experimental outputs. (a–c) Objective spac
correlation between them. Terpolymers with styrene incorporation of le
consists of experimental data that were the result of random initialization
shown to be pushing the PF towards the north-east, meaning that we w
poration. Within the region of the objective space with styrene incorpora
chart showing the evolution of the cumulative realized HV across batch
proceeds across batches.

2632 | Digital Discovery, 2024, 3, 2628–2636
given the current experimental workow. Following the
conclusion of this optimization phase, we proceeded to analyse
the data generated during the campaign, exploring relation-
ships between various molecular parameters and glass transi-
tion temperatures, as detailed in the ESI.† In addition to this,
we turned our attention to a deeper analysis of the monomer
reactivities within the Sty–Myr–DBI ternary system.

The optimization campaign yielded 89 data points contain-
ing information on the nal monomer mole fractions in the
feed (f) as well as the nal monomer mole fractions in the
terpolymer (F). Using these data points, one can calculate the
ternary reactivity ratios rij by setting up a system of Ordinary
Differential Equations (ODEs). In this analysis, we modelled the
terpolymerization via the terminal model,5 which treats the
chemical reactivity of the propagating chain as dependent only
on the identity of the monomer unit at the growing end, and the
monomer that it will react with. Therefore, in a ternary system,
chemical equations describing the propagation can be written
down in the general form:
e plots of the Tg against negative styrene incorporation show a negative
ss than 50 mol% are highlighted with faint orange. Batch 1 (blue dots)
by the BO algorithm. Batches 2 (green dots) and 3 (orange dots) were
ere able to simultaneously maximize Tg and minimize styrene incor-
tion less than 50 mol%, the highest Tg obtained was 24.6 °C. (d) A bar
es, where the cumulative HV increases as the optimization campaign

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of the ternary reactivity ratios. In the first column,
the formula to calculate the ternary reactivity ratios are shown. In the
second column, the values of the ternary reactivity ratios, rounded to 3
decimal places are presented. In the last column, the literature values
of binary reactivity ratios are included for comparison. Index 1 stands
for styrene, index 2 stands for myrcene, index 3 stands for DBI

Ternary reactivity
ratios (rij)

Value
(3 d.p.)

Literature values of
binary reactivity ratios

r12 ¼ k11

k12

0.542 0.27 (ref. 38), 0.25 (ref. 39)

r13 ¼ k11

k13

0.557 0.59 (ref. 40)

r21 ¼ k22

k21

2.031 1.36 (ref. 38), 1.88 (ref. 39)

r23 ¼ k22

k23

0.445 0.795 (ref. 22)

r31 ¼ k33

k31

0.080 0.14 (ref. 40)

r32 ¼ k33

k32

0.042 1.528 (ref. 22)
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M*
i þMj !

kij
M*

j ; i; j ¼ 1; 2; 3

whereM*
i is the propagating chain ending in monomerMi,Mj is

the monomer subscripted by j, kij is the rate constant for the
propagating chain ending in Mi adding to Mj. For a ternary
system, i and j can take the values of 1, 2 or 3, representing
styrene, myrcene and DBI respectively. To set up the rate
equation for the ternary system, a system of ODEs which relates
the rates of monomer disappearance, or the rate of monomer
incorporation into the terpolymer can be written down inmatrix
form as follow:

dM*

dt
¼ �

KTM*
�
+M � ðKMÞ+M*

where M = [M1, M2, M3] denotes the vector of monomer
concentrations, M* ¼ ½M*

1 ;M
*
2 ;M

*
3 � denotes the vector of

concentrations of chains terminating in M1, M2 and M3,
respectively. K˛R3 × 3 denotes the rate constant matrix which is
assumed to be invertible and diagonalizable, and + denotes the
element-wise product (Hadamard product). The above equation
involving vectors M and M* can be normalized to give the

monomer mole fraction vectors f ¼ M
1TM

¼ ½f1; f2; f3� and the

fraction of chains terminating in monomers

f * ¼ M*

1TM*
¼ ½f *1 ; f *2 ; f *3 �, where 1T is the vector of all 1's and the

elements in f and f * both sum to 1, to give the following
equation:

df *

dt
¼ �

KTf *
�
+f � ðKf Þ+f *

Via the steady-state approximation, we can set
df *
dt

¼ 0,

leading to the equation:

(KTf*)+f − (Kf)+f* = 0

which can be rewritten to the following:

(DfK
T − DKf)f* = 0

where Df and DKf represent the diagonal matrices having the
elements of vectors f and Kf on their main diagonals and
0 everywhere else, respectively. Since K is assumed to be
invertible and diagonalizable, the matrix (Df K

T − DKf) has a one-
dimensional null-space. We can denote the basis of the null
space by the vector v0(K, f ). Then f* can be represented as with
the following equation:

f * ¼ v0ðK ; f Þ
1Tv0ðK ; f Þ

Then we can dene the relationship between F and f as the
following:

F ¼ f+KTv0ðK ; f Þ
f TKTv0ðK ; f Þ
© 2024 The Author(s). Published by the Royal Society of Chemistry
Given F and f from the experiments, we can solve for K by
establishing a loss function which is minimized through the L-
BFGS41 optimization method as follow:

LossðKÞ ¼
����
����F � f+KTv0ðK ; f Þ

f TKTv0ðK ; f Þ
����
����
2

þ lðK11 � 1Þ2

where l is a hyperparameter set to a large number (100) so that
K11 is set close to 1 so as to eliminate degeneracies. The absolute
value of the elements in K calculated through this process
would not be the actual rate constants of the propagating
reaction in general. However, one can nonetheless calculate rij
by taking the ratio of kii and kij. Detailed information on the
theory of setting up the system of ODEs, mathematical formu-
lation, the code used to optimize the loss function, usage of
tted K and f to assess F predictions can be found in the ESI†
and GitHub repositories.

Aer optimization, we obtain the rate constant matrix and
subsequently, the ternary reactivity ratios rij as follow:

K ¼

2
664
K11 K12 K13

K21 K22 K23

K31 K32 K33

3
775 ¼

2
664

1 1:8436 1:7939
0:2508 0:5096 1:1439
0:8561 1:6109 0:0683

3
775

Table 1 shows the summary of the ternary reactivity ratios
rounded to 3 decimal places, along with the binary reactivity
ratio values obtained from the literature for comparison. While
binary and ternary reactivity ratios are not interchangeable,42

binary reactivity ratios provide a good basis of comparison in
assessing the magnitude of the ternary reactivity ratios. In
general, all ternary reactivity ratios are of similar magnitude
when compared to their binary reactivity ratio counterparts,
except for r32 – the ternary reactivity ratio between DBI and
myrcene. This implies that in a binary system of myrcene and
DBI, the propagating chain terminating in DBI prefers to add to
Digital Discovery, 2024, 3, 2628–2636 | 2633
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View Article Online
a DBI monomer as compared to a myrcene monomer, while in
a ternary system of styrene, myrcene and DBI, the propagating
chain terminating in DBI prefers to add to a myrcene monomer
as compared to a DBI monomer, in the presence of the styrene.
This stands out as an outlier warranting further investigation
which could be the subject of a further study. It is important to
also note that the calculated ternary reactivity ratios could be
inuenced by experimental noise, which should be considered
when interpreting the data. In the context of this study, the
ternary reactivity ratios derived in the styrene–myrcene–DBI
ternary system serves as useful information for polymer chem-
ists who looking to study similar ternary systems.

Conclusion

In conclusion, we have implemented multi-objective BO in the
discovery of styrene–myrcene–DBI terpolymers, for maximizing
Tg while minimizing styrene incorporation, demonstrating
a framework for the design and synthesis of terpolymers with
tailored properties. We report synthesized terpolymers with
a wide range of glass transition temperature from −53.4 °C to
45.9 °C, and styrene incorporation varying from 0.9 mol% to
84.7 mol%. Notably, we were able to produce terpolymers with
a styrene incorporation below 50 mol% with a glass transition
temperature (Tg) of 24.6 °C. While this falls within the ambient
temperature range, we did not achieve Tg exceeding 50 °C for
wider applications. This limitation arises from the intrinsic
physical properties of the monomers and their linkages, which
are beyond the control of any optimization process. To over-
come this challenge, it is necessary to expand the chemical
search space beyond styrene, myrcene and DBI to other
monomer systems and potentially leverage information from
molecular simulations effectively. The 89 terpolymer samples
also allowed for the calculation of ternary reactivity ratios,
which would be useful information for the study of related
terpolymer systems. Our platform shows that multi-objective
optimization is an efficient way to drive sustainable polymer
synthesis towards desired target properties, while simulta-
neously providing rich data to understand reaction kinetics.

Data availability
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