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Poly(styrene-co-maleic anhydride) (SMAnh) is a petroleum-based

copolymer with desirable properties that afford utility in both

industrial and academic fields. The reversible addition–fragmenta-

tion chain transfer (RAFT)-mediated polymerization of the bioder-

ived comonomers, indene and itaconic anhydride, was explored

using three chain transfer agents with varying activity, and gener-

ally well-controlled (Đ < 1.40) polymerizations were observed.

Poly(styrene-co-maleic anhydride) (SMAnh) is synthesized via
the copolymerization of the petroleum-derived comonomers,
styrene (STY) and maleic anhydride (MAnh) and is readily
hydrolysed in alkaline media yielding the amphiphilic copoly-
mer, poly(styrene-co-maleic acid) (SMA). SMA has been
employed in a variety of biomedical applications such as drug
delivery,1–3 lipid nanodisc formation and membrane protein
isolation,4–6 and hydrogel formation.7,8 The copolymerization
of STY and MAnh is well-established,9 with ongoing improve-
ments realized through the application of controlled polymer-
ization methodologies e.g. RAFT-mediated polymerization. The
synthesis of SMAnh via RAFT-mediated polymerization affords
desirable properties such as targeted molecular weights, low Đ
and functional chain ends which provide access to various
polymer architectures.4–6,10

The increasing need for the development of “greener” syn-
thetic protocols and “green” polymer alternatives can be
assuaged through the careful selection of monomers which
are bioderived instead of petroleum-derived. The selection of
appropriate bioderived monomers, similar in structure to their
petroleum-based counterparts, needs to be undertaken with
care to retain the targeted chemical composition and physical
properties of the copolymer. Ideally suited and poorly explored
greener alternatives to STY and MAnh are indene (Ind),11–14

and itaconic anhydride (IAnh),15,16 respectively. These mono-
mers are derived from renewable feedstocks and differ chemi-
cally by a single CH2 group from their petroleum-based
counterparts. Despite the slight difference in chemical struc-
ture, it is hypothesized that well-defined “greener” copoly-
mers with similar properties and biomedical relevance com-
parable to SMAnh can be synthesized. To the best of our
knowledge, there is negligible data available for the RAFT-
mediated synthesis of poly(styrene-alt-itaconic anhydride)
(SIAnh), poly(indene-alt-itaconic anhydride) (IIAnh), and poly
(indene-alt-maleic anhydride) (IMAnh), where these systems
have only been investigated via conventional radical
polymerizations,17–19 or single-unit monomer insertion
(SUMI) reactions.20–23 The investigation presented here pro-
vides insight into the unexplored RAFT-mediated copolymeri-
zation of these bioderived comonomers, towards the syn-
thesis of well-defined SIAnh, IIAnh, and IMAnh copolymers
as SMAnh alternatives. For each SMAnh alternative, systema-
tic replacement of one or both comonomers in the copoly-
merization reaction was undertaken (summarized in Fig. 1).
A representative CTA from each “CTA class” was selected,
including a dithiobenzoate (CTA1),5,24–27 trithiocarbonate
(CTA3),4,6,28 and universal-type dithiocarbamate (CTA2),29

where the two former classes are commonly used CTAs for
SMAnh copolymerizations and the latter CTA has recently
been successfully employed for the synthesis of SMAnh and
its analogues (Ball et al. – manuscript in preparation).
Xanthates were excluded from kinetic experiments in this
study, as they do not provide adequate control over the four
RAFT-mediated copolymerizations investigated (Table S1†).30

As a basis of comparison, styrene and maleic anhydride
were copolymerized to afford SMAnh using two commonly
used RAFT agents (CTA1 and 3),4,5 and a universal RAFT agent
(CTA2) not typically employed for SMAnh copolymerizations
(Table 1). For all SMAnh copolymerizations, Mn increased line-
arly with increasing monomer conversion (α) and low dispersi-
ties were observed for SMAnh1 and SMAnh2 throughout the
copolymerization, with a decrease in Đ with increasing α

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4py01227e
‡Both authors contributed equally to this work.
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observed for SMAnh3 & 2 (Fig. 2, Fig. S1†). The strong corre-
lation between Mtheo

n and MSEC
n would suggest all CTA was con-

verted to macro-CTA. CTA1 appears to retard the RAFT-
mediated copolymerization of STY and MAnh significantly,
where the kappp of the SMAnh2 and SMAnh3 copolymerization
were higher than that observed for SMAnh1 (Table S1†).
Furthermore, an initialization period (∼1 h) was observed for
SMAnh1, during which only ∼2% comonomer conversion was
obtained (Fig. S1†). This behaviour is well-known for dithio-
benzoates and has been demonstrated for the RAFT-mediated
synthesis of SMAnh previously.24 The reactivity ratios for this
comonomer system, and others investigated in this study, were
determined (Table 2) and are further discussed in Table S2.†
Similar RAFT-mediated copolymerizations (using CTA1, 2 and
3) were investigated, with the replacement of the STY comono-
mer with Ind, to afford IMAnh. Unsurprisingly, all copolymeri-
zations displayed a strong alternating character,31 where CTA2

and 3 were determined to be most suitable for the synthesis of
well-defined IMAnh in good yield. IMAnh1 and IMAnh3 exhibi-
ted a generally linear evolution of Mn and decreasing Đ with
increasing α, suggesting the copolymerization was well-con-
trolled (Fig. 2, and Fig. S2†). Slower polymerization kinetics
were observed for all instances of IMAnh (1–3) copolymeriza-
tion compared to the respective SMAnh systems (Fig. S2, and
Table S1†), potentially due to the increased substitution from

Fig. 1 Copolymers synthesized using styrene (STY), indene (Ind), maleic anhydride (MAnh), and itaconic anhydride (IAnh). poly(styrene-alt-maleic
anhydride) (SMAnh), poly(styrene-alt-itaconic anhydride) (SIAnh), poly(indene-alt-itaconic anhydride) (IIAnh), poly(indene-alt-maleic anhydride)
(IMAnh).

Table 1 Summary of RAFT-mediated copolymerizations conducted in
1,4-dioxane at 70 °C with a CTA : AIBN of 1 : 0.2 (additional experimental
data available in the ESI†). The recommended RAFT system for each
comonomer pair is indicated by a highlighted row. All copolymers were
characterized via SEC, 1H NMR and ATR-FTIR spectroscopy (Fig. S7–13†)

a Copolymer legend provided in Fig. 1, where the number in bold refer
to the CTA utilized. bMonomer conversion determined via 1H NMR
spectroscopy using 1,3,5-trioxane as internal reference and eqn (S1).†
c Calculated using eqn (S2).† dDetermined via SEC analysis using THF
(5% AcOH) as mobile phase and PS calibration standards.

Fig. 2 Evolution of MSEC
n and Đ with increasing monomer conversion

for well-controlled SMAnh, SIAnh and IMAnh copolymerizations.

Table 2 Reactivity ratios of the respective comonomer systems
mediated with CTA3

STY (r1) Ind (r1)

MAnh (r2) r1 = 0.01; r2 = 0.01 r1 = 0.01; r2 = 0.01
IAnh (r2) r1 = 0.12; r2 = 0.01 r1 = 0.01; r2 = 0.13
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a monosubstituted monomer (STY) to a 1,2-disubstituted
monomer (Ind), resulting in a more stabilized vinyl bond. A
computational analysis of a model IMAnh copolymerization
showed that the Gibbs free energy required for a MAnh-based
radical to react with Ind is less favourable compared to STY
(ΔGSTY, addition = −5.6 kcal mol−1 and ΔGInd, addition = −1.5 kcal
mol−1, Fig. S21 & S23†). This is further supported by the
higher LUMO energy of Ind (−0.03 Hartree = double bond)
compared to STY (−0.05 Hartree = double bond) (Fig. S20†).

CTA1 caused significant retardation of the IMAnh copoly-
merization kinetics (in addition to retardation derived from
Ind), with a longer initialization period (∼2 h) observed com-
pared to the SMAnh1 copolymerization (Fig. S2†). As a result,
low monomer conversion was obtained (50% within 24 h).
Despite this, IMAnh1 copolymers with low Đ and good corre-
lation between Mtheo

n and MSEC
n were obtained. For all IMAnh

copolymerizations, a deviation of MSEC
n from Mtheo

n was
observed at higher monomer conversions, accompanied by an
increase in Đ (Fig. S2†). 1H NMR spectroscopic analysis of
IMAnh copolymerization kinetic samples showed full con-
sumption of CTA1 within 3 h and CTA2/CTA3 within 1 h,
which would suggest reasonable Z- and R-group efficiencies.
Therefore, the deviation of MSEC

n at high α is tentatively attribu-
ted to inefficient reinitiation of the macro-CTA leaving group,
as SEC analysis revealed low molecular weight tailing in the RI
eluogram which was also present in the corresponding UV
eluogram (320 nm) (Fig. S12†). SMAnh and IMAnh have a
strong alternating character as a result of the inability of
MAnh to homopolymerize. Contrarily, the homopolymeriza-
tion of IAnh has been reported in literature.9 SIAnh copolymer-
izations generally exhibited slower kinetics compared to the
corresponding SMAnh copolymerizations, with only slightly
higher rates of IAnh consumption compared to STY observed
for SIAnh1 and SIAnh2 (Fig. S3†). Inspection of the copolymeri-
zation kinetics for SMAnh1 and SIAnh1 shows that similar kappp

values are obtained. This result is interesting as it indicates that
the substitution pattern of the double bond of IAnh does not
impact the rate of polymerization significantly (1,1 vs. 1,2 di-
substituted monomers). CTA1 was fully converted to macro-CTA
within 1 h (Fig. S5†) without the presence of a prominent initia-
lization period, where MSEC

n evolved linearly with increasing α

and low Đ was maintained throughout the copolymerization
(Fig. 2). CTA2 and CTA3 were converted to macro-CTA slowly
throughout the copolymerization, where 12% and 7% of CTA2
and CTA3 remained at 24 h, respectively (Fig. S5 and 6†). The
RAFT pre-equilibrium for SIAnh3 and SMAnh3 was assessed
computationally (Fig. S16 and 17†), where the former exhibited
significantly slower consumption of CTA3 than the latter. The
addition of IAnh to CTA3 to form the corresponding intermedi-
ate radical was energetically unfavourable compared to the
addition of MAnh (ΔGMAnh, addition = 13.7 kcal mol−1 vs. ΔGIAnh,

addition = 24.7 kcal mol−1). Furthermore, the fragmentation of
the MAnh-based intermediate radical favoured the generation of
R-group re-initiating radicals (promoting an efficient pre-equili-
brium), whereas the fragmentation of IAnh-based intermediate
radicals favoured the regeneration of IAnh-based radicals

(resulting in an inefficient pre-equilibrium) (Fig. S16 and 17†).
SEC analysis of SIAnh2 and SIAnh3 showed low molecular
weight tailing in the RI eluograms which had an associated UV
signal (320 nm), which in this case likely corresponds to the
continual formation of low molecular weight SIAnh as CTA2/3 is
slowly converted into macro-CTA throughout the copolymeriza-
tion (Fig. S10 and 11†). While the linear evolution of MSEC

n with
increasing α was observed for SIAnh2 and SIAnh3, the ineffi-
cient conversion of CTA to macro-CTA resulted in poor corre-
lation between MSEC

n and Mtheo
n and relatively high Đ throughout

the copolymerization (Fig. S3†).
Lastly, attempts were made to copolymerize the fully bioder-

ived comonomer pair (Ind and IAnh) via RAFT-mediated copo-
lymerization. None of the CTAs investigated could provide an
adequate level of control over the RAFT-mediated copolymeri-
zation of Ind and IAnh (Fig. S4†). Inspection of the kinetic
samples via 1H NMR spectroscopy showed that CTA1 was fully
converted to macro-CTA within 3 h, while CTA2 and CTA3 were
consumed slowly throughout the copolymerization, with a
total consumption of 79% and 95%, respectively (Fig. S5 and
6†). The IIAnh3 RAFT pre-equilibrium, and the propagation of
Ind- and IAnh-based radicals, were assessed computationally
(Fig. S19 & S24,† respectively). Overall, the differences in reac-
tivity of the Ind- and IAnh-based propagating radicals suggest
that during the main equilibrium, intermediate radicals predo-
minantly constitute IAnh terminal leaving groups. During the
RAFT pre-equilibrium, the fragmentation of the IAnh-based
intermediate radical favours the generation of IAnh-based pro-
pagating radicals as opposed to R-group re-initiating radicals
(critical analysis of the IIAnh RAFT-mediated copolymerization
available in the ESI†). Thus, it is plausible that IIAnh is a
better polymeric leaving group compared to the 1-phenyl ethyl
R-group, resulting in slow consumption of CTA2 and CTA3
throughout the copolymerization. Inspection of the RI eluo-
grams for IIAnh3 shows that a shift towards lower elution
volumes with copolymerization time can be observed, but due
to the inefficient consumption of the CTA throughout the
copolymerization, the Mn remains relatively constant with
increasing monomer conversion (Fig. S13†) and consequently,
high Đ (>1.5) was observed throughout the copolymerization.
The kinetic analyses of all four comonomer systems, consist-
ently suggest that the itaconic anhydride-containing copoly-
mers have slower polymerization kinetics with inefficient con-
version of CTA to macro-CTA. While the RAFT-mediated copo-
lymerization of Ind and IAnh yielded promising results,
further critical investigation of the system is required to enable
the synthesis of a well-defined, and fully bioderived, copoly-
mer. It is possible that an alternative CTA, with an R-group
that is more compatible with the IAnh comonomer, would sig-
nificantly improve the synthesis of the IAnh-based copolymers.

Conclusions

In this work, the ideal CTAs required for the well-controlled
RAFT-mediated copolymerization of petroleum-derived and
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bioderived comonomers to afford SMAnh, SIAnh, and IMAnh
were determined (CTA2, 3 and 1, respectively). The fully bio-
derived copolymer IIAnh could be synthesized successfully,
but IIAnh with targeted Mn and low Đ could not be achieved,
due to inefficient conversion of CTA to macro-CTA.
Nevertheless, this study has effectively expanded the variety of
“greener” SMAnh-type copolymers available for utility in bio-
medical research. An interrogation of solution properties for
these bioderived copolymers and how they compare to SMAnh
is currently underway within our research group. The results of
this interrogation will provide the tools necessary to tune the
chemical composition of the bioderived copolymers such that
desirable physical properties are realized.
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