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ABSTRACT: Triazolinediones (TADs) have been extensively used for the modification and crosslinking of polymers. However,
there have not been any report on TAD bearing gels so far except an inorganic silica gel on which TAD is immobilized via ionic
bonding. Here, | report a simple, scalable and general strategy to synthesize gels that contains covalently bonded TAD groups, starting
from commercially available poly(hexamethylene diisocyanate). The covalently bonded TAD-gel platform could find many different
applications such as the fabrication of hybrid materials, chemo-sensing, and scavenging excess reagents. In this work, potential
scavenging application for TAD-gels were demonstrated with three different compound furan, aniline and limonene. Moreover, 1-
naphthol was selectively and completely removed from its mixture with 2-naphthol. The strategy developed here enables the prepa-
ration of poly(urea) and poly(ureathane) based novel materials via ultrafast modification at TAD moieties.

Triazolinediones (TADs) are exceptionally reactive com-
pounds with a varying degree of stability —from minutes to
months— depending on their substructure. Recently, they have
become very popular among polymer chemists due to their ul-
trafast reactions which does not require UV, heat or a chemical
initiator. Simple mixing of the reagents at ambient temperature
is generally sufficient for TAD reactions.

To date, TADs have been used in many different areas such
as Diels-Alder reactions,® homopolymerization,? step growth
polymerization,® modification of polydienes,* protection and
deprotection of indole’s -bond,® fluorescent labeling of vita-
min D,® scavenging dienes,”® ultrafast preparation of multi-
layer films,® modification of amino acids —furyl-alanine,° ty-
rosine, !t tryptophan*® — and fabrication of poly(amino acid)
based hybrid gels'®. Moreover, some TAD reactions are reversi-
ble and this property was exploited to create self-healing dy-
namic materials,? light-responsive compounds?! and light sta-
bilized materials.?? Many other uses of TADs and TAD-related
materials have been reported in the literature as well.?* How-
ever, there has not been any reports of TAD-bearing gels. TAD-
gels could be extremely advantageous since a variety of func-
tional groups can be attached to these gels in an ultrafast and

Scheme 1. Synthesis of triazolinedione bearing gel

‘click-like” manner. Therefore, these novel gels can find use in
many different applications such as purification and separation
of mixtures, sensing analytes, fabrication of polyurethane-
poly(amino acid) platforms and for the design of hybrid mate-
rials with self-healing capability. In this work, | report a simple
preparation method to obtain TAD-bearing gels from com-
monly available reagents. Moreover, | demonstrate their poten-
tial as possible scavengers for Diels-Alder, electrophilic aro-
matic substitution (EAS) and Alder-ene reactions.

Previously, Keana and co-workers reported silica gel bound
TAD by the reaction between custom synthesized sulfonated 4-
Aryl-TADs and amine bearing silica gels.” In this system, a 0.4
mmol active TAD was present for 1g of silica-TAD as quanti-
fied by titration. They showed that silica-TAD material can be
used to separate diene containing ergosterol from cholesterol
mixture. The scavenging potential of TAD was also demon-
strated in a solution, rather than as solid-supported TAD, by
Werner and Curran where they synthesized several fluorous
dienophiles and thereby removed excess dienes in Diels-Alder
reaction.® Reacted fluorous dineophiles were removed by filter-
ing over fluorous silica gel. Among all the tested dienophiles,
TAD derivatives showed superior reactivity. Inspired by these
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studies, | demonstrated the practicality of TAD-gels reported
here to simplify the scavenging process. In terms of practicality,
TAG-gels are easy to synthesize unlike silica-TAD, and does
not require special fluorous column for filtration unlike fluorous
TAD scavengers. Additionally, TAD content of the gels re-
ported here was relatively higher compared to silica-TAD — up
to 0,62 mmol of TAD per gram gel.

A trifunctional isocyanate (1) poly(hexamethylene diisocya-
nate) was chosen as the starting material (Scheme 1). Then, ei-
ther 1 or 1.5 mol of isocyanate groups were reacted with an
equimolar of ethyl carbazate to form isocyanate-semicarbazide
containing intermediate (2). In the same reaction flask, this in-
termediate was indirectly polymerized via addition of water.
Eventually, polymerization of poly(urea) was accompanied
with gelation (3). Semicarbazide containing poly(urea) gel (3)
was cyclized into urazole containing gel (4) under basic condi-
tions. Finally, the oxidation of urazole containing gel by HNO;
resulted in TAD bearing gel (5). The synthetic procedure and a
video summarizing all steps are available as Supporting Infor-
mation.

Results and Discussion

TAD formation can be monitored by naked eye owing to the
characteristic red/pink color of TAD compounds (Figure 1 a-b).
Moreover, FTIR analysis revealed the occurrence of a new car-
bonyl mode at 1765 cm™ and increase in C-N mode at 1360
cm? induced in the structure owing to N=N formation. An un-
known mode appeared at 729 cm™ but it might be related to gel
backbone-HNO; interaction as it did not change after TAD re-
action or decomposition. Scavenging experiments, as discussed
below, further verifies the TAD origin of these gels.

—Urazole 729
—TAD 1360
2000 1800 1600 1400 1200 1000 800 600

Figure 1. a) Urazole bearing gels placed into dichloromethane
containing glass petri dish b) 2 minutes after 100ul of HNO3
was added to urazole gel ¢) FT-IR spectrum of urazole bearing
gel (neat) and its oxidized form TAD bearing gel (neat).

Stabilities of the synthesized TAD gels were tested in differ-
ent solvents (Figure 2). Approximately 100 mg of TAD-bearing
gels were placed into 1.5 mL solvents in test tubes. Then, the
tubes were shaken for 20-30 seconds and the stabilities of gels
were monitored through discoloration. For most of the solvents,
the TAD-gels were active up to 40 minutes, which is much
longer than the duration of typical TAD reactions. Trifluoroa-
cetic acid was found to be incompatible with the material. After
2-3 minutes, popping sounds and turbidity were observed. Gels

were quite stable in ethyl acetate, acetonitrile and tetrahydrofu-
ran. In other solvents, TADs barely survived for an hour.
DMSO and DMF caused deformation in gels after 24 hours. In
other solvents, no deformation was observed. When the TAD-
gel was kept as a solid at ambient conditions, pink color of gels
disappeared in 5 hours at room temperature. However, TAD ac-
tivity remained intact at least a week at -20 °C.
TFA CHCL: EtAc MeCN THF DMSO Ace Hept EtOH DMF
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Figure 2. Stability of TAD-gels in different solvents. Detailed
information about solvents are listed in experimental section..
Solvents left to right: Trifluoroacetic acid, chloroform, ethyl ac-
etate, acetonitrile, tetrahydrofuran, dimethyl sulfoxide, acetone,
heptane, ethanol, N,N-dimethylformamide. TFA was stopped
after 5 minutes due to incompatibility

As the decomposition mechanism, water content of the sol-
vents was considered as the culprit since it is well known that
water decomposes TAD moieties gradually over time. How-
ever, gels in solvent-grade heptane and heptane dried by molec-
ular sieves showed very similar decomposition times. This ob-
servation indicates that gel decomposition was either dominated
by other factors, or by the absorbed water coming from HNOs.
As for other possible decomposition mechanisms, free amines,
biuret groups or the TAD self-dimerization may decompose
TAD groups over time. Further studies can be conducted to elu-
cidate the underlying mechanism, such as exploring different
oxidation methods, and changing synthesis pathway to obtain
poly(uretheane), rather than poly(urea).

Scavenging capabilities of TAD gels were tested with differ-
ent compounds: aniline, limonene and furan. Aniline reacts with
TAD via (EAS) whereas limonene via Alder-ene reaction. On
the other hand, Furan derivates react commonly via Diels-Al-
der, but also via EAS'. For the experiments, gels were cut into
smaller pieces to increase the surface area and to decrease the
diffusion time of the reactants into the gel. It was observed that
Furan reacted the fastest, whereas aniline and limonene reacted
with nearly the same rate, in equimolar concentrations. Approx-
imately in 20 minutes, the red color of TADs completely disap-
peared in all reactions, whereas no change was observed in the
control group (Figure 3). The characterization of the gels was
performed by FTIR analysis. For all compounds, C=C-H bend-
ing mode appeared at 907 cm™ and for aniline C-NH2 stretching
mode was seen at 1300 cm? (Figure S2-4).
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Figure 3. Reaction of TAD-gels with furan, aniline and limonene.
The characteristic red color of TAD was disappeared after reaction.

Quantifying active TAD groups on the gels can be done by
titration against one of the reactants. However, titration method
for this gel is prone to human errors, as reactants take some ex-
tra time to diffuse deeper into the gel. On the other hand, NMR
analysis may be used to quantify TADs in a more reliable man-
ner. In order to perform NMR quantification, standard solution
was prepared in CDCls (6 mL) using furan (50 pl) as a reactant
and acetonitrile (50 pl) as a reference peak for NMR integration.
This solution was kept closed at all times in order to prevent the
loss of furan as it has low boiling point. 200 mg of TAD gel was
added to CDCl;and NMR spectrum was taken after 10 and 30
minutes. Then, 200 mg more TAD-gel was added. After 60
minutes, red color was disappeared completely. NMR analysis
showed a decrease of 36% for furan peaks. This means, 50 pl
(x36%) furan (18 pl -16.8mg — 0.283 mmol) was reacted with
400mg of gel. Therefore, 1g of TAD gels contains at least 0.62
mmol TAD present. It should also be noted that some active
TADs decomposed without reacting with furan which results in
a smaller value.
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Figure 4. *H-NMR spectrum of the TAD-gel scavenged furan and
acetonitrile containing CDCls stock solution over time. Acetonitrile
added as reference for integration to quantify furan loss.

Theoretically, there can be a maximum of 1.65 mmol TAD if
equimolar ethyl carbazate and triisocyanate were used at the be-
ginning. It is observed that 1:1.5 (triisocyanate:ethyl carbazate)
could also form crosslinked gels. Therefore, there is still space
to optimize oxidation conditions and explore different formula-
tions to obtain higher active TAD content.

After demonstrating scavenging potential with individual
molecules, a more realistic and challenging scavenging test was
performed. Here, an equimolar mixture of 1-naphtol and 2-
naphtol was treated with TAD-gel. 1-naphtol could react with
TAD-gel via electrophilic aromatic substitution or 5-8 adduct
formation. On the other hand, 2-naphtol could also react via 1-
4 adduct formation. NMR studies indicated that TAD-gel selec-
tively reacted with 1-naphtol (Figure 5). After 15 minutes, 1-
naphtol was almost completely removed from the solution, yet
almost no change was observed in the 2-naphtol peak. One hour
after the treatment, a decrease in 2-naphtol peak was observed
which indicates a reaction between TAD-gel and 2-naphtol. The
results demonstrate that TAD-gel have potential to be used as a
selective scavenger for mixtures.
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Figure 5. 'H-NMR spectrum of the TAD-gel scavenged 1-
naphthol and 2-naphthol mixture. Peaks at 8.18, 7.82, 7.49,
7.47, 7.43, 6.83 ppm were disappeared after soaking TAD-gel
into the solution.

TAD-gels can easily be synthesized in large scale from com-
monly available and low-cost reagents. As an alternative to the
route described here with trifunctional isocyanates, difunctional
isocyanates could also be used together with water or multi
amine linkers to synthesize similar TAD gels by tuning the stoi-
chiometric ratios of ethyl carbazate/diisocyanate and multi-
amine containing linkers. Moreover, rigid or elastomeric isocy-
anates could also be used as comonomers by just adding them
after the first step of the synthesis.

The decomposition of TAD-gels might seem as a limitation
at first glance; however, the ultrafast reactivity of TADs ensures
that the reactions proceed much faster than the decomposition.
In general, TAD reactions finish within seconds or several
minutes. Therefore, the relatively slow nature of decomposition
renders problems associated with decomposition insignificant
for practical purposes. On the other hand, the precursor of TAD
gel —urazole gel— is very stable. Urazole gel can be stored for
months and readily oxidized into TAD-gels whenever desired.
As mentioned before, poly(ureathane) based TAD gels can also
be synthesized and their stability is expected to be even better
since amine formation in poly(urea) is thought to be one factor
for the decomposition of TADs. To change the route, polyols
—instead of water— could be used in the second step of the
synthesis.

The oxidation of urazole to TAD could be carried out in many
alternative ways. Here, HNO3 used as an oxidizer as it is readily
available and also can be easily washed away. However, care
must be taken with HNO3 incompatibilities such as with aniline.




Therefore, gels have to be washed well to get rid of HNOs.
Additionally, water from HNOs; will gradually decompose
TAD. Interestingly, some oxidation methods such as electro-
oxidation or photo-oxidation could be employed to create pat-
terned TAD-gels from urazole gels. Alternatively, an oxidizer
solution could also be used to create patterns via inkjet printing.

In conclusion, | reported an easy way to prepare TAD con-
taining gels. These new gels can be used to prepare poly(urea)
or poly(ureathane) based novel materials. Among many possi-
ble application areas, scavenging excess reagents was tested. It
was shown that TAD-gel can be used as scavenger for different
reactions and variety of functional groups.
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