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d covalent modification and
crosslinking of styrene–isoprene–styrene
copolymer via Paterno–Büchi [2 + 2]
photocycloaddition

Mehmet Arslan, *a Ozgur Ceylan,b Rabia Arslana and Mehmet Atilla Tasdelen a

The chemical functionalization or modification of polymers to alter or improve the physical andmechanical

properties constitutes an important field in macromolecular research. Fabrication of polymeric materials via

structural tailoring of commercial or commodity polymers that are produced in vast quantities especially

possess unique advantages in material applications. In the present study, we report on benign chemical

modification of unsaturated styrene–isoprene–styrene (SIS) copolymer using available backbone alkene

groups. Covalent attachment of aldehyde functional substrates onto reactive isoprene double bond

residues was conveniently carried out using UV-induced Paterno–Büchi [2 + 2] cycloaddition. Model

organic compounds with different structures were utilized in high efficiency chemical modification of

parent polymer chains via oxetane ring formation. Functionalization studies were confirmed via 1H NMR,

FT-IR and SEC analyses. The methodology was extended to covalent crosslinking of polymer chains to

obtain organogels with tailorable crosslinking degrees and physical characteristics. Considering the

outstanding elastic properties of unsaturated rubbers and their high commercial availability, abundant

reactive double bonds in backbone chains of these polymers offer easy to implement structural

modification via proposed Paterno–Büchi photocycloaddition.
Introduction

Elastomeric rubbers are indispensable polymeric materials that
enable the fabrication of strategically important products in
various elds.1 Among these polymers, unsaturated polyolen
elastomers obtained from both natural and synthetic precur-
sors are especially attractive since they carry reactive alkene
units in polymer chains that can be utilized in chemical
modication and crosslinking.2–5 The primary aim of covalent
modication or functionalization has been to widen the struc-
tural diversity and improve properties, thus producing novel
materials with technical importance. Unsaturated elastomers
are adaptable to such chemical manipulations since the olenic
bonds are not only reacting with various other functional
groups, but they can also activate neighboring groups.6–11

Crosslinking of unsaturated rubbers on the other hand brings
profound property changes to pristine polymer. Depending on
the crosslinking degree, the glass transition temperature and
melt viscosity increase are associated property enhancements in
low crosslinking ratios, whereas heavily crosslinking results in
insoluble and infusible materials with outstanding chemical
eering, Faculty of Engineering, Yalova

ehmet.arslan@yalova.edu.tr

rsity, 77100 Yalova, Turkey

the Royal Society of Chemistry
and mechanical resilience.12 Almost in all industrial applica-
tions and research studies the chemical modication and
crosslinking of unsaturated rubbers rely on chain double bonds
in reactions such as cycloadditions, halogenation, hydrogena-
tion, thiol addition, epoxidation, radical induced isomerization
and silylation.13 Of these chemical methods, light-triggered
synthetic methods are particularly important and have been
utilized exclusively in covalent tailoring.

Photo-induced methodologies are valuable chemical tools in
design and fabrication of precision polymers as well as large
volume industrial applications.14 UV- or sunlight activated
reactions usually require mild reaction conditions compared to
alternative reactions that may necessitate thermal activations or
toxic/expensive catalyst usage. In addition, photochemical
methods enable spatial and temporal modulations over reac-
tions offering accurate external control in polymer synthesis,
modication or crosslinking.15–17 UV-sensitive polymers are
used as photoresists in manufacturing of printed circuits.18

Such polymers can be used inUV-patterning and photolithography
by employing a photomask to dene the UV-exposure area which
in return lead to fabrication of biosensors, cell engineering scaf-
folds and analyte detection tools.19 In conjunction with atom
economic addition based chemical transformations; photochem-
ical methods have found diverse applications in modication of
industrial unsaturated elastomers.20,21
RSC Adv., 2021, 11, 8585–8593 | 8585
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Photoaddition reactions proceeding on [2 + 2] cycloaddition
route between an excited carbonyl and an alkene are referred to
as Paterno–Büchi reactions and are important carbon–carbon
bond forming synthetic methods in organic chemistry.22,23

Carbonyl compounds employed in these reactions are mainly
aldehydes and ketones reacting preferably with electron rich
alkenes to give corresponding oxetanes. Despite numerous
examples of [2 + 2] cycloaddition based reactions of electron
decient alkenes in synthesis and functionalization of poly-
meric materials,24–28 excited carbonyl-based photochemical
transformations have rarely been applied in polymer modi-
cation. In a seminal study, Junkers and coworkers reported
facile tailoring of aldehyde functional ATRP polymer end
groups with unactivated alkenes via [2 + 2] Paterno–Büchi
cycloaddition route.29 Although complete functionalization of
aldehyde bearing substrates required large molar excesses of
the alkene compounds, the process has shown to be still effi-
cient to achieve close to quantitative functionalization reac-
tions. Same group extended the approach to modication of
aldehyde bearing cellulose surfaces with alkene end group
functional polymers.30 We envisioned that facile [2 + 2] photo-
cycloaddition reaction can be utilized in graing of carbonyl
containing compounds to unsaturated rubber elastomers which
carry abundant alkene groups in polymer backbones. With the
possible coalescence of highly practical photocycloaddition
with ow chemistry,31 Paterno–Büchi reaction could be a valu-
able tool for industrial high scale modication of commercial
unsaturated polymers.

In this contribution we report on facile UV-induced covalent
modication of a commercial unsaturated elastomer, namely
styrene–isoprene–styrene copolymer. Efficient and easy to
implement methodology is based on [2 + 2] Paterno–Büchi
cycloaddition of various aldehyde containing compounds graf-
ted on the available alkene groups of the middle block
Scheme 1 Modification of SIS copolymer via [2 + 2] Paterno–Büchi cy
clarity, not all polymerization modes of isoprene monomer was shown

8586 | RSC Adv., 2021, 11, 8585–8593
polyisoprene chain via oxetane formation (Scheme 1). The
functionalization of copolymer with various carbonyl substrates
was evidenced by 1H NMR, FT-IR and SEC analyses. The
approach was extended to crosslinking of polymer chains under
UV-illuminated conditions by employing a bisaldehyde func-
tional crosslinker. Analysis of obtained organogels using rheo-
logical measurements and crosslinking density calculations via
solvent absorption revealed that the properties of the materials
can be ne-tuned by changing of the crosslinker stoichiometric
ratios. It can be anticipated that reported benign and efficient
photocycloaddition modication and crosslinking method-
ology can be a useful chemical tool in structural tailoring of
alkene functional polymers, especially industrial unsaturated
elastomers.
Experimental section
Materials and characterization

All the reagents and inorganic materials were obtained from
Sigma-Aldrich (USA) and used as received. All the solvents were
chromatography grade and obtained from Merck KGaA.
Styrene–isoprene–styrene (SIS) copolymer with average 78%
isoprene content is kindly received from Kraton Corporation
(USA). Aldehyde functional compounds with triethylene glycol
monomethyl ether32 and triuoro33 groups were synthesized
based on the reported procedures and the structures were
conrmed with 1H and 13C NMR analysis. The size exclusion
chromatography (SEC) analyses of polymers were performed by
using a Shimadzu GPC analysis system using refractive index
detector (RID-10A). PSS Gram separation column was calibrated
with polymethyl methacrylate (PMMA) standards and as eluent
N,N-dimethylacetamide (DMAc) was used at a ow rate of
1 mL min�1. Nuclear magnetic resonance data (NMR, 1H and
13C) were obtained from a Varian 400 MHz spectrometer.
cloaddition of various aldehyde containing compounds (for structural
in copolymer structure).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Characteristic physicochemical data of the synthesized oleogels

Entry Gel Crosslinker (%) Yield (%) dp (g cm�3) Vp Mc (g mol�1) c n (�10�5) (mol cm�3)

1 Gel (2.5) 2.5 92 0.9130 0.0486 13 522 �0.5168 6.75
2 Gel (5.0) 5.0 95 0.9134 0.0594 9514 �0.5207 9.60
3 Gel (7.5) 7.5 97 0.9205 0.0683 7505 �0.5240 12.27
4 Gel (15.0) 15 94 0.9560 0.0781 6126 �0.5277 15.61
5 Gel (20.0) 20 99 0.9918 0.0860 5348 �0.5307 18.55
6 Control 0 No gelation — — — — —
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Fourier-transform infrared spectroscopy (FT-IR) data were ob-
tained from a Nicolet 380 spectrometer (Thermo Fisher Scien-
tic, Inc.). Rheological measurements were carried out using an
Fig. 1 1H NMR spectrum of (A) pristine SIS copolymer, (B) SIS-g-TEG (2

© 2021 The Author(s). Published by the Royal Society of Chemistry
Anton Paar MCR 302 instrument by applying 1.0% strain
between 0.05–100 rad s�1 (at 25 �C). Surface morphologies of
organogels were investigated by using freeze dried samples
0) and (C) SIS-g-TEG (30) functionalized copolymers.

RSC Adv., 2021, 11, 8585–8593 | 8587

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00033k


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 1
2:

35
:2

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
without sputtering with an ESEM XL-30 equipment (Philips,
Eindhoven, The Netherlands) operating under high vacuum
and 10 kV accelerating voltage.
General procedure for [2 + 2] photocycloaddition modication
of SIS copolymer

In a typical procedure: 100 mg of SIS copolymer (1.0 mmol of
alkene groups) was placed in a Pyrex tube and dissolved in THF
(2 mL). Corresponding aldehyde (0.2 mmol) and photosensi-
tizer (benzophenone, 0.1 mg) was added to the mixture and the
solution was degasses with argon for 15 min. The tube was
placed in a multi-lamp photoreactor (12 � 15 W, emitting light
nominally at 350 nm, with a cooling system) and stirred for 16 h
with amagnetic stirrer. Aer the reaction, the modied polymer
was puried by precipitating into methanol. The polymer was
collected and dried under vacuum at 50 �C for overnight. The
yields based on gravimetric calculations were near quantitative.
Fig. 2 FT-IR spectra of pristine SIS and modified copolymers.

General procedure for the crosslinking reaction

300 mg of SIS copolymer (3.0 mmol of alkene groups) and
benzophenone (0.3 mg) was dissolved in 5 mL of THF. To this
mixture, terephthalaldehyde (changing from 2.5% to 20.0%
molar equivalent to alkene groups) was added and the resulting
mixture was UV-irradiated in the photoreactor for 16 h. Aer the
crosslinking reaction resulting gels were immersed successively
in THF and toluene to remove any unbound residues. The gels
were dried under vacuum at 50 �C for overnight. The gel yields
based on gravimetric calculations are given in Table 1.
Rheological characterization

Dynamic oscillatory experiments of toluene swollen gels were
performed under constant strain (1.0%) by recording the loss
(G00) and storage (G0) moduli of disk-shaped samples at 25 �C
between 0.05 and 100 rad s�1 angular frequency. A solvent trap
was used to equilibrate the gels and prevent drying. 8 mm
diameter parallel plate with a 2.0 mm plate distance was used
for measurements.
Fig. 3 SEC traces of pristine SIS and Al-TEG modified copolymers.
Crosslink density calculations

Crosslink density calculations of organogels were conducted
based on Flory–Rehner theory by absorption experiments per-
formed in toluene. Firstly, volume fraction of polymer (Vp),
described as the capacity of the gel to enable the diffusion of
solvent into the network was calculated by using eqn (1):34

Vp ¼
�
1þ dp

ds

�
m

m0

� 1

���1
(1)

where m is the weight of the swollen gel, m0 is the weight of dry
gel, ds is density of the solvent and dp is the density of dry gel.
According to Flory–Rehner theory, average molecular weight
between crosslinks (Mc) is determined by using eqn (2):34

Mc ¼ � dpVs

�
Vp

1=3 � Vp

�
2
�

�
ln
�
1� Vp

�þ Vp þ cVp
2
� (2)
8588 | RSC Adv., 2021, 11, 8585–8593
where, Vs is the molar volume of the solvent and c is the Flory–
Huggins polymer–solvent interaction parameter. Crosslink
density (n) of a gel sample is calculated using eqn (3):35

n ¼ dp

Mc

(3)

Results and discussion

[2 + 2] photocycloadditions usually require an activated alkene
which is typically an excited state enone and an unactivated ene
counterpart which can be an aliphatic alkene functionality.36

Although this type substrate combinations allow efficient
synthesis of bicyclic molecules, cycloaddition reactions between
© 2021 The Author(s). Published by the Royal Society of Chemistry
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unactivated alkene pairs are usually ineffective and can only be
feasible in case of using special transition metal catalysts.37

Paterno–Büchi cycloaddition is a special type of photo-induced
[2 + 2] cycloaddition reaction in which an excited carbonyl
reacts with an alkene and this chemistry has found profound
applications in organic synthesis.38 Towards our efforts to
search efficient and easy-to implement chemical trans-
formation of commercial unsaturated elastomers, Paterno–
Büchi photocycloaddition has emerged as a virtual tool in
Fig. 4 1H NMR spectrum of (A) SIS-g-CF3, (B) SIS-g-Bu and (C) SIS-g-P

© 2021 The Author(s). Published by the Royal Society of Chemistry
tailoring of abundant alkene groups with carbonyl containing
substrates.

The photo-induced modication of alkene groups of SIS
copolymer was studied under UV illumination with primarily
benzaldehyde derivatives (Scheme 1). To better demonstrate the
broad structural modication amenity of alkene groups, benz-
aldehyde and related compounds containing triethylene glycol
and triuorocarbon groups as well as aliphatic butyraldehyde
were employed in functionalization reactions. Due to the
h functionalized copolymers.

RSC Adv., 2021, 11, 8585–8593 | 8589
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relatively high stoichiometric ratio between alkene and alde-
hyde groups that an efficient Paterno–Büchi post-
polymerization modication demands,29 the stoichiometry
was adjusted so that 0.2 equiv. of aldehyde groups were coupled
with residual alkenes on polyisoprene block of copolymer. A
small amount of benzophenone as photosensitizer was also
employed in photocycloaddition process. Aer the reactions,
the modied polymers were obtained in their pure form with
near quantitative yields by simple methanol precipitation.
Initially, the functionalization efficiency of copolymer with tri-
ethylene glycol aldehyde (Al-TEG) under addressed conditions
was studied by FT-IR, 1H NMR and SEC analyses. Aer the
modication, the resulting copolymer SIS-g-TEG (20) (20% mol
eq. aldehyde feed to alkenes) displayed characteristics proton
signal at 3.37 ppm belonging to methoxy methyl protons and
signals between 4.11–3.54 ppm belonging to ethylene oxide
protons (Fig. 1A). Oxetane protons as stereo/regio-isomers give
resonances in a relatively wide region between 5.37 ppm to
2.73 ppm.29 The functionalization efficiency was calculated as
94.5% (18.9% graing to alkenes) based on the integrations of
SIS c, c0 and a, b protons to f methoxy methyl protons aer
graing (Fig. 1A and B). Considering the irregular arrangement
of the structural units of polyisoprene block originated from the
cis-1,4-, trans-1,4-, 3,4- and 1,2-polymerization modes of
isoprene monomer, one can speculate on the regio- and
stereospecic addition route of carbonyl groups. From the
mechanistic understanding of Paterno–Büchi reaction,
successful cycloaddition is governed by several factors
including the electron richness of the alkene, relative stability of
Scheme 2 UV-induced crosslinking of SIS copolymer with a bisaldehyd
swollen state.

8590 | RSC Adv., 2021, 11, 8585–8593
the adducts, kinetic as well as steric factors.39 Although it can be
anticipated that not all alkene modes in polyisoprene block of
SIS copolymer display similar reactivity towards carbonyls,
results suggested that overall functionalization is still efficient
to gra aldehyde bearing compounds.

In order to investigate the effect of feed aldehyde concen-
tration to functionalization degree, another copolymer SIS-g-
TEG (30) with 30% mol eq. aldehyde to alkenes was also
synthesized. 1H NMR analysis revealed 86.1% (25.8% graing to
alkenes) functionalization degree demonstrating the efficiency
of the graing reaction (Fig. 1C). Successful photocycloaddition
graing of aldehyde bearing compound Al-TEG onto residual
isoprene double bonds was also studies by FT-IR analysis. As it
can be seen in Fig. 2, the modied copolymer SIS-g-TEG (20)
displayed characteristic absorption bands at 1247 cm�1 due to
the C–O–C stretchings and enhanced bands in the region 1650–
1450 cm�1 due to the graing of aromatic benzaldehyde groups.
It is important to note that UV-induced reactions were imple-
mented in oxygen free atmosphere and no unwanted reactions
or crosslinking was accounted. SEC analysis of modied poly-
mers revealed unimodal size distributions though slightly
higher molecular weight distributions were observed compared
to parent SIS copolymer (Fig. 3).

Aer successful and efficient UV-induced functionalization
of SIS copolymer with Al-TEG, we prompted our effort to gra
various other functional aldehydes to demonstrate broad
structural modication amenity of alkene groups. Compounds
Al–CF3, Al–Bu and Al–Ph with 20% feed ratios (20% mol eq.
aldehyde feed to alkenes) were employed in [2 + 2]
e crosslinker. Representative picture of transparent Gel (7.5) in toluene

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FT-IR spectra of pristine SIS and resulting organogels with
varying crosslinker degrees.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 1
2:

35
:2

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
photocycloaddition reactions in above-mentioned reaction
conditions (Scheme 1). For all the functional carbonyl
compounds employed, graing was achieved with considerably
high functionalization degrees as 16.3%, 14.6% and 15.7% (for
aimed 20% graing to alkenes) for Al–CF3, Al–Bu and Al–Ph,
respectively. In 1H NMR spectrum of functionalized copolymer
SIS-g-CF3, covalent modication was accounted by the presence
of characteristics aliphatic signal at 4.26 ppm and aromatic
signals at 7.20 and 6.80 ppm (Fig. 4A). Similarly, appearance of
aliphatic signals between 2.46 to 0.98 ppm of SIS-g-Bu aer
butyraldehyde cycloaddition (Fig. 4B) and phenyl protons at
7.33 ppm of SIS-g-Ph aer benzaldehyde cycloaddition (Fig. 4C)
Fig. 6 (A) Dynamic moduli (G0 and G00) as a function of time for Gel (5.0)
(G00, open symbols) moduli of organogels prepared by photocycloadditio

© 2021 The Author(s). Published by the Royal Society of Chemistry
demonstrated the successful photo-induced graing reactions.
These functionalization reactions were also followed by FT-IR
analysis in which all modied polymers exhibited character-
istic absorption bands of both parent SIS copolymer and graed
compounds (Fig. 2).

Aer demonstrating facile and effective covalent modica-
tion of unsaturated elastomer SIS with aldehyde compounds via
[2 + 2] cycloaddition, we extended the approach to UV-induced
crosslinking of polymer chains with a bisaldehyde containing
crosslinker, namely terephthalaldehyde. Unsaturated polymers
are indispensable industrial polymers that have important
applications in their crosslinked insoluble form. Common draw-
backs are the weak mechanical properties and low glass transition
temperatures of neat unsaturated elastomers that might impede
their practical use. On the other hand, abundant backbone double
bonds of such polymers with both natural and synthetic origin
provide utility in curing chemistries. However, the complicated
curing processes that currently employed and the requirement of
toxic additivesmight obligatemore green technologies that have to
be pursued. Therefore, UV-promoted, efficient and atom economic
Paterno–Büchi cycloaddition could be a suitable alterative chem-
istry in fabrication of crosslinked rubber elastomers.

In this context, crosslinking of SIS copolymer in solution
state with a bisaldehyde crosslinker was studied by employing
various crosslinker ratios (Scheme 2 and Table 1). In these
relatively low crosslinker ratios obtained materials are organo-
gels with high solvent absorption proles. Aer UV-induced
cycloaddition crosslinking, unreacted species were removed
by washing the gels with toluene. FT-IR was used to monitor the
crosslinking reaction of dried gel samples by observing the
variation of aromatic peaks in the region 1650–1450 cm�1. As it
is seen in Fig. 5, increased crosslinker ratio resulted in
increased aromatic bands in this region due to the involvement
of terephthalaldehyde groups in the networks.
. (B) The frequency dependence of storage (G0, solid symbols) and loss
n crosslinking.

RSC Adv., 2021, 11, 8585–8593 | 8591
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Fig. 7 Representative SEM images of freeze-dried gels with varying crosslinker ratios.
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In order to gather further information on the effect of
crosslinker feed to the crosslinking efficiencies, the molecular
weight between crosslinks (Mc) and the crosslink densities (n) of
gels were calculated from absorption experiments done in
toluene. An increased crosslinking density was accounted in
case of employing a higher crosslinker feed demonstrating the
successful inter-chain photocycloaddition reactions (Table 1). It
is important to note that the effect of the crosslinker ratio
increase on crosslinking density change is less drastic when
a higher crosslinker feed was employed. This can be due to the
lowered stoichiometric ratio between alkenes and aldehydes
when terephthalaldehyde amount increased, causing less
effective cycloaddition crosslinking.29

The gelation process was in situ monitored by rheology
measurements of model Gel (5.0) system in time sweep test. As
it is seen in Fig. 6A, the intersection point of storage (G0) and
loss (G00) moduli to reect sol to gel transition was achieved
within minutes. In dynamic rheological analysis, gels displayed
increased storage modulus values by increasing crosslinker
ratio (Fig. 6B). Samples exhibited permanent elastic character in
0.01–100 Hz frequency range. Relatively low oscillation
frequency dependencies of G0 suggest uniform crosslinking
throughout the gel networks. The damping factors (tan d, G00/G0)
of organogels were less than one in all crosslinking degrees
representing the higher elastic character of gel networks over
viscous behavior.40 Morphological characterization of organo-
gels on freeze-dried samples revealed non-porous rubbery
structures (Fig. 7).

In the light of obtained results, mild and efficient UV-
induced Paterno–Büchi crosslinking reaction was demon-
strated as a versatile chemical tool to fabricate crosslinked
materials with tailorable properties. This type of organogels
could be attractive materials in various applications of indus-
trially important unsaturated elastomers.

Conclusions

In the present study, Paterno–Büchi reaction was reported as
a convenient chemical reaction tool to modify unsaturated
copolymer elastomers. According to all accounts, the UV-
induced cycloaddition of carbonyl compounds onto double
bonds of unsaturated SIS copolymer has found to be mild,
efficient and easy to implement methodology for both covalent
8592 | RSC Adv., 2021, 11, 8585–8593
modication of polymer side chains and chemical crosslinking
to fabricate organogels. By proper adjusting of the stoichio-
metric ratio between carbonyl and alkene reacting counterparts,
structural tailoring of polymer chains can be achieved.
Considering the industrial importance of the unsaturated
elastomers, this chemistry could possibly be extended to other
unsaturated copolymers of both natural and synthetic origin.
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