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Poly(ethylene glycol) functionalized with tetra-acetylene
(PTETACT) and pentaerythritol (3-mercaptopropionic acid)
(PETM) are cross-linked by a thiol-yne reaction to create robust,
tuneable networks. A new class of unique gels is produced by
gelations in various organic solvents as well as water. This is the
first report of creating 3 D gel networks by thiol-alkyne reaction
in the presence of triethylamine under moderate temperature.

Gels can be classified in two types: either by the bonds
present in the network or by the nature of the liquid component used
for gelation. The gel shall be called as a hydrogel if the liquid
component is water"? or an organogel in the case of organic liquid
component.>* Similarly, based on the nature of the bond involved in
the gelation process, a gel can be classified. A physical gel is held by
physical forces of attraction for example either by van der Waals
force or hydrogen bonds.>®” However the chemical gels are held by
covalent bonds.2® This report explores the possibility of making
unique organo/chemical-gel without using metal catalyst but by
simple thiol-alkyne click chemistry.

Organogel is a solid material in which a liquid organic
phase entrapped in a three-dimensionally cross-linked network.
These gels are finding vast applications including electronics,
medical, sports and household.>**'212 Synthesis of this type of
organogels can be achieved by following two strategies; either by
using high molecular weight polymers as basic material or by using
low molecular weight polymers in combination with a chain
extender. Presently, there are few methods to make a variety of
organogels, which are well documented in the literature.* But the
problem associated with these gels is the removal metal catalyst or
other cross-linker that has been used to generate the gel network.
Recently, one type of chemistry that is emerging as a potential
candidate for making chemical gels, without the use of a catalyst, is
thiol-ene chemistry.

Thiol-ene click chemistry has emerged remarkably in
popularity over the past few years due to its numerous advantages.
This Michael addition reaction is highly efficient and applicable to a
wide variety of functional groups.” Due to high nucleophilicity of
the sulfhydryl moiety, thiol-ene coupling proceeds under
physiological conditions.’®*” The advantage of the thioether linkage
is very stable under physiological conditions and resists a strong
basic or acidic environment. In the literature, thiol-ene reaction of
multifunctional thiols with multifunctional enes is well documented
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in detail for the preparation of chemical gels with different types of
functionality.'® For example, gels that are useful in medical
applications,**?*?! low gas permeable membrane, dental and optical
applications to mention few.”*?* However, thol-yne reactions to
make 3D network is not explored in detail. Particularly, thiol-yne
reactions without catalyst or UV light but in presence of simple
amine and moderate temperature are so far not explored in the
literature.
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Scheme 1. Schematic representation of Synthesis polymeric gel.

In this communication, we report poly(ethylene glycol)
functionalized with tetra-acetylene (PTETACT) and pentaerythritol
(3-mercaptopropionic acid) (PETM) are forming an interesting 3 D
network in presence of triethylamine under moderate temperature.
The electron density on the ene (or yne) moiety is directly related to
the thiol-ene free radical reaction rate.?* Hence, we have predicted
that the thiol-yne reaction between PTETACT and PTEM would
generate an interesting 3 D network due to the enriched electron
density associated with PTETACT.

The main objective of this study is to develop an effective
method to prepare polymeric gels using thiol-alkyne click chemistry,
which has, so far, not been much explored. Towards this goal,
PTETACT and PETM were used in the formation of polymeric
gels as shown in Scheme 1. PTETACT was first synthesised in
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three steps (Scheme 1) using simple reaction conditions. DIACT
was prepared by treating propargyl bromide with the malonic ester in
presence of sodium hydride. The crude product was purified first by
column chromatography, which gave DIACT as a colourless crystal
with 90% vyield. The formation of product was confirmed by 'H
NMR (Figure S1), **C NMR (Figure S2), MASS and FT-IR
spectroscopy. Selective mono ester hydrolysis of DIACT produced
DIACT-OH as colourless crystal with 90% yield. In *H NMR
spectroscopy (Figure S3), the appearance of new signal at & 8.35
ppm, which was responsible for carboxylic acid protons, confirmed
the formation of the DIACT-OH. It was further confirmed by the
13C NMR (Figure S4), MASS and FT-IR spectroscopy.
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Figure 1. a) 'H NMR spectroscopy and b) MALDI data of
PTETACT.

Finally to prepare PTETACT, the efficient Mitsunobu coupling
reaction was employed.® Coupling reaction between poly(ethylene
glycol) (PEG-OH) (M.W. = 1450 g / mol) (Figure S5) and excess of
DIACT-OH in the presence of PhsP and DIAD produced
PTETACT. The formation of product was confirmed by the ‘H
NMR spectroscopy and MALDI-TOF as shown in Figure 1. The
measured m/z values in MALDI analysis was agreeing with the
desired structure.

After the successful synthesis of PTETACT, it's click
chemistry reaction with pentaerythritol (3-mercaptopropionic acid)
(PETM) was explored. But in the literature, most of the thiol and
acetylene click reactions were performed under the UV light.
However, in our experiments, the click reaction was performed, for
the first time, in presence of triethylamime (TEA) under moderate
heating conditions which produced interesting gel (Scheme 1). In a
typical reaction, the click reaction of PTETACT with PETM was
performed in presence of triethylamime (TEA) at 80 °C temperature
for 4 days. Formation of the gel was first characterized by FT-IR
spectroscopy and later confirmed by rheology experiment. The
thermogravimetric analysis study under N, condition confirmed
thermal stability of polymeric gel upto 320 °C (Figure S6).

Figure 2 shows the FT-IR spectra of the PTETACT,
PETM and Gel (PTETACT:PETM)(1:3) before and after cross-
linking. It was clearly evident from the FT-IR of the freeze-dried
gels that the S-H peak of free thiol at 2568 cm™ observed in PETM
was completely absent in Gel. This was clearly responsible for a
successful click event where a C-S-C linkage was formed between
PETM and PTETACT (Figure 3). From the FT-IR spectroscopy, it
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was confirmed that the thiol-alkyne reaction did produce the
expected gel.
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Figure 2. FT-IR spectra of PTETACT, PETM and GEL
(PTETACT:PETM)(1:3).

The gel formation was first observed by the vial inversion
experiment (Figure 4a). To find out the best feed ratio of PETM
and PTETACT to get the strong gel, different combinations of the
mol ratios of PTETACT and PETM were tried. It was very
interesting to note that a 1:3 molar ratios of PTETACT and PETM
gave the strongest gel. If the ratio was not 1:3, then different type of
gels like, weak, very weak or liquid gels were observed (Table S1).
This prompted us to propose the mechanism as shown in the Figure
3a. To measure the mechanical strength of the gels produced with
various feed ratios, rheology experiments were performed using a
steel parallel plate with 40 mm diameter at 25 °C with 1.0 mm Gap
spacing for all gel samples. Measurements of storage modulus (G')
and loss modulus (G") versus % strain of gel materials were first
performed to understand their mechanical strength.

The greater value of G’ than G” over the measured frequency range
for the gel obtained from 1:3 molar ratios of PTETACT and
PETM, demonstrated the maximum mechanical behaviour for a
typical cross-linked 3D network (Figure 4d). As expected, the
differences in G’ and G” for the weaker gels were not much as
shown in Figure S7 and S8.

After standardizing the conditions for the strong gel formation,
swelling capacity of the gel was explored. Swelling ratio was
monitored for 24 hour with interval of time (Table S2 and S3).
From the given experimental conditions, it was observed that the
swelling did occur in organic solvents such as DMSO, DMF, DCM,
chloroform and water within an hour (Figure 4b). The maximum
swelling occurred in DCM, followed by chloroform. We believed
that by increasing the PEG content, the swelling in water would
improve a lot. It was very interesting to note that the gel never
showed swelling behaviour in toluene and hexane.
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Figure 3. Cartoon representation of possible mechanism of cross-
linking gel.

Finally, microstructures of both organogels as well as
hydrogels were studied with scanning electron microscopy (SEM).
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In general, all gels showed a continuous gel structure under the
SEM. It was clearly evident from the SEM studies that a large
number of porous structures could be seen in the case of organogels
(Figure 4c). This was quite obvious since the microporous gels were
obtained using polymers cross-linked at the chain ends. The
maximum as well as uniform porous were observed in the case of
gels swollen in DCM and CHCl; solvents (Figure S9b and S9c).
The porous structure also observed in the case of gels swollen in
CHCI; and DMF (Figure S9c and S9d). Interestingly the
morphology totally changed in the case of gels swollen in DMSO
solvent. Instead of porous structure, a fibre like morphology (Figure
S9%) was observed in the case of gels swollen in DMSO.
Surprisingly, there was a uniform pattern observed in the case of
hydrogels (Figure S9f). Since the swelling was not that effective in
the case of H,0, the pores observed were not too large. More
importantly, it was very interesting to note that the gels kept in
toluene and hexane never swollen so their morphology of the surface
as well as interior never changed at all.
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Figure 4. a) Cartoon representation of the 3 D networking; b)
swelling efficiency of gel in different solvents; ¢) SEM image of

This journal is © The Royal Society of Chemistry 2012

RSC Advances

swollen gel under cryo conditions; d) rheology of the gel swollen in
DCM solvent.

In conclusion, thiol-yne reaction of PTETACT and
PETM is proved to be an efficient way for creating chemical gels. It
is important to note that the reaction is not inhibited by metal
catalyst or other curators since the method is not depending on the
use of any heavy metal catalyst. FT-IR spectroscopy analysis of the
cross-linked thiol-yne gel network demonstrates that the reaction
between thiol and yne in this particular system is extremely efficient.
The triple bond conversion of the thiol-yne networks are all identical
to the maximum possible conversion calculated from the thiol to yne
feed-ratio. It is interesting to note that a 1:3 molar ratios of
PTETACT and PETM produce the strongest gel which is
confirmed by rheology data. The highest swelling is observed in
DCM. The SEM image of the swollen gel in DCM shows uniform
pores present in the gel. We believe that increase in PEG content
would increase the hydrogel capabilities. The non-swelling property
of the gel in hexane and toluene has prompted us to envisage the
gel's application in removing chlorinated solvents from hydrocarbon
solvents.
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