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As a class of nitrogenous heterocyclic compounds, poly-1,2,3-triazole-based functional materials have
recently attracted growing attention across many important scientific areas such as the synthesis of
drugs and functional materials. There is therefore an urgent need to perform a review study of such an
important class of materials for summarizing the state-of-the-art contributions and for clarifying the
direction of the most recent advances (mostly in 2016). Herein, from the perspective of raw material
selection and synthetic processes, we conduct a mini review study of the most recent new findings,
including technologies and strategies, on the synthesis of macromolecular 1,2,3-triazole-based
functional materials, such as various state-of-the-art approaches based on click chemistry and
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Accepted 5th December 2016 optimization of synthetic conditions like selection of raw materials, control of their concentrations, and
selective utilization of different active groups. This mini review also briefly introduces the progress of

DOI: 10.1035/c6ra27012c using poly-1,2,3-triazole-based materials for a broad range of applications including molecular
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1. Introduction

Over the past few decades, 1,2,3-triazoles have been widely
employed as a linker and a functional moiety, primarily because
of their appealing “Click” properties, orthogonality enhance-
ment, and processing simplicity." As a consequence, their wide-
ranging applications have also been explored, e.g. bactericides
and conditioning agents for plant growth. Due to the extensive
application prospects of 1,2,3-triazoles, considerable attention
has been recently paid to the synthesis of functional macro-
molecules containing building units of 1,2,3-triazoles.?

As early as 2002, Demko and Sharpless reported the first
synthesis of poly-1,2,3-triazole that showed powerful utility in
further preparation of new functional materials.® Indeed, the
presence of poly-1,2,3-triazole units in macromolecular struc-
tures may lead to the generation of cooperative linkers or units.*
A wide spectrum of potential applications was also expected for
poly-1,2,3-triazole-based functional materials, such as super-
molecules, fluorescence probes, and biological proteins.®

Comparing to conventional 1,2,3-triazoles-based organic func-
tional molecules,® poly-1,2,3-triazole-based functional materials
have shown more widespread applications (owing to their superior
properties), including DNA chemistry, self-assembly, surface
modification, supramolecular chemistry, combination chemistry,
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recognition, chemical sensing, drug chemistry, bio-chemistry, and conducting materials, etc.

and dendrimer chemistry, as well as functional macromolecules
and biomedical applications.” In this mini review, the synthesis of
poly-1,2,3-triazole-based functional materials in most recent years
(mostly 2016) are systematically summarized in terms of different
synthetic processes and raw material classification.

2. Influence of the type of acetylenic
compounds

2.1. Synthesis based on the reaction between polyazide and
mono-alkyne

On the basis of widely-reported propargyl alcohol 1 shown in
Scheme 1 (as a substrate)-based click reactions, many poly-
1,2,3-triazole-based functional materials have been synthe-
sized. For example, propargyl alcohol was selected as a raw
material for the synthesis of a macromolecular poly-triazole.®
The productivity of synthesizing macromolecular triazole-based
materials could be further improved by employing microwave
(MW) technology and propargyl ester 2 (see Scheme 1) as a raw
material, resulting in a short period of synthesis (from 2 h to 4
min) as well as a very high production yield.

Most recently, Chen et al.® modified guanosine triphosphate
(GTP) derivatives based on glycosyl, producing a ribose-like mono-
acetylene compound (see compound 3) that was further used to
synthesize a series of block copolymers. Systematic characteriza-
tions have revealed that these products could be further manu-
factured into a supramolecular film for applications in high-
performance storage devices. Meanwhile, Tao group' introduced
glucose units 4, as shown in Fig. 1, into a macromolecular triazole
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Scheme 1 Synthesis of poly-1,2,3-triazole by a microwave method.
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Fig. 1 Some alkynes involved in the synthesis of poly-1,2,3-triazoles.

for enhancing the solubility of the target compound. The alkyl
chain length of the thus-obtained polymer showed a significant
impact on the antimicrobial activity, according to the antitumor
activity measurement. Furthermore, the three components of the
synthetic reaction could react with each other in a neutral aqueous
solution through a one-pot tandem reaction, demonstrating a new
synthetic route to macromolecular bis-triazoles for biomedical
applications (such as those involving new anti-cancer drugs). On
the other hand, Mindt et al™ incorporated many O- and N-
containing functional groups onto a peptide acetylene
compound 5 through a click reaction, making full use of the tri-
azole moiety as a stable bridging amide bond mimic. The final
product with multiple triazole substitutions shows promising
biological applications, and case-by-case investigation is expected
to be done.

A series of macromolecular triazoles were also synthesized
using a mono-alkyne compound 6 (see Fig. 1), further forming
nanoparticles by self-assembly with polyethylene glycol (PEG). The
prepared nano-materials containing triazole units have potential
applications for, e.g., controlled drug release and anti-cancer drug
delivery applications. Such a design and synthesis protocol offers
a general approach to produce nano-materials and many
responsive materials, and also provides a research direction for
intelligent delivery of drugs and for cancer therapy.*
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Uyanik group™® took advantage of pyrene (that is a fluorescence
group) to synthesize a triazole-based polymer using a pyrene-
containing alkyne 7 (see Fig. 1) through a click reaction. Such
a prepared polymer was further endowed with a liquid crystal
property. Unexpectedly, the fluorescence intensity of the products
decreases with increasing molecular weight, as it restricts the
interaction between pyrene moieties incorporated into the
synthesized products. The polymer is expected to possess drug
delivery applications as biocompatible and degradable materials.

Apart from biomedical applications, macromolecular poly-
1,2,3-triazoles also show promising battery applications. For
example, in order to avoid electrolyte leakage and carbon dioxide
poisoning, Li group constructed a triazole module (see
Scheme 2) based on a click reaction, followed by attaching to an
anion-exchange membrane. This triazole module-containing
polymer membrane exhibited a markedly enhanced stability to
an alkaline electrolyte, as compared with traditional membranes.
This work affords a new strategy of design and utilization of
anion-exchange membranes.

2.2,

diyne
When diyne and diazide were adopted as raw materials in double
click reactions, a macromolecular poly-triazole with different

Synthesis based on the reaction between diazide and

©
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Scheme 2 Synthesis of poly-1,2,3-triazole for anion-exchange membrane applications.
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Fig. 2 Some dialkynes and corresponding products correlated to the synthesis of poly-1,2,3-triazoles.

morphologies could be effectively prepared by controlling the
reactant ratio, which was connected by triazole ring modules. For
example, Xie group'® employed a diyne compound 8 (see Fig. 2) as
a raw material and consequently synthesized hyperbranched poly-
triazoles through a click reaction. After further alkylation, the
synthesized poly-triazoles turned out to be anion-exchangeable,
together with a significant increase of electrical conductivity,
thereby presenting promising applications in new-type electrolyte
materials.

Likewise, Lim group'® prepared a polymer with poly-triazole
units using a diyne compound 9 (see Fig. 2) as a substrate
through a one-pot reaction of three components in water
without involving alkaline environment, on the basis of click-
coupling reactions. Such a polymer exhibited a pH-responsive
property and could rapidly decompose disulfide groups under
micelle action conditions.

Hydroxyl-type chelating agents, based on poly-triazoles,
have also been widely applied in solid fuel cells. For
example, Reshmi et al.'” selected some O-containing diyne
compounds (see the compound 10 shown in Fig. 2) for the
reaction with polyazide through a click reaction, leading to the
generation of a polymer with a network structure. Comparing
to conventional polyurethane-based chelating agents, this
polymer with the network structure showed a superior man-
ufacturability, especially for use as binders in solid rocket
fuels. Furthermore, Kumar et al.*® fabricated a temperature-
sensitive shape-memory material (polymer 11, as shown in
Fig. 2) by a simple method without the protection of inert
atmosphere. The measurements of mechanical properties
revealed that the shape recovery ratio of the shape-memory
linear polymer could reach 95%, with a shape retention ratio
being as high as 99%.

This journal is © The Royal Society of Chemistry 2017

3. Influence of the type of azide
compounds

3.1. Synthesis based on the reaction between poly-alkyne
and mono-azide

Concerning some mono-azides, the macromolecular poly-
triazoles can be easily synthesized using an excess amount of
mono-azides through click reactions, due to the structural
differences in the environment, as induced by alkyne ends. For
instance, Hein et al.* realized a highly efficient click reaction in
a dimethylsulfoxide (DMSO) aqueous solution by selecting
a mono-azide compound 12 (see Fig. 3) as a substrate, forming
macromolecular poly-triazoles, with a high production yield.
Based on a series of reactions and measurements, DNA
destruction could be surprisingly inhibited by the addition of
DMSO; in the meanwhile, the hydrophilicity of the poly-
triazoles was improved, which could have many bio-friendly
applications in both the in vivo and in vitro manners.

Recently, Sacchetti group® synthesized a macromolecular
poly-triazole using a rhodamine derivative 13 (as shown in
Fig. 3) as a substrate through a click reaction. To enhance the
water solubility, the backbone of the polymer was incorporated
with more nitrogen atoms. The polymer thus-obtained was
effectively applied to drug and gene deliveries. The gelling test
further verified that these integrated macromolecular poly-
triazoles possessed cell recognition functions, thus promising
the biomolecular labelling applications.

In the absence of any ligands, the click reaction between an
alkyne compound (containing curcumin) and a mono-azide
compound 14 shown in Fig. 3 (containing multiple CH,CH,O
chain units) was also reported to produce a triazole-based linear
polymer with the production yield of 70-80%. Because of its

RSC Adv., 2017, 7, 2281-2287 | 2283
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Fig. 3 Some azides used for the synthesis of poly-1,2,3-triazoles.
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Scheme 3 Synthesis of poly-1,2,3-triazole through the SPAAC reaction.

excellent biocompatibility and strong complexation interac-
tions with heavy metal ions such as Cd**, Cu®" and Pb**, the
synthesized polymer shows promising applications in process-
ing wastewater.”* On the other hand, a macromolecular poly-
triazole was synthesized using a mono-azide compound 15 as
presented in Fig. 3 (showing a rod-like cellulose structure) as
a substrate through a click reaction.”” The effective synthesis of
the stable polymer was based on the dicarboxylic cellulose and
self-assembly chemistries. The atomic force microscopy (AFM)
measurement showed a crosslinked nanofiber structure of the
polymer, with an average width of 6 nm and length of 1 pm.
When a click reaction proceeded with an amino acid-based
azide compound 16 (see Fig. 3) as a substrate, the finally
prepared macromolecular poly-triazole could be used for labeling
proteins. Meanwhile, the byproduct generated from the click
reaction, namely dehydroascorbic acid, was demonstrated to be
an indictor for monitoring oxidation interactions with soft tissues
which was ascertained to suffer from an initial saccharification.*
In addition to the above-mentioned click reactions based on
the mono-azides, strain-promoted alkyne-azide cycloaddition
(SPAAC) reactions have also attracted attention for the synthesis
of macromolecular poly-triazoles without using additional
reagents. This approach is particularly useful for the modifica-
tion of proteins in living cells, labelling of oligonucleotides, and

2284 | RSC Adv., 2017, 7, 2281-2287
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other biochemical applications.”* Sutliff et al.>* synthesized
a macromolecular poly-triazole with multiple ether bonds and
other hydrophilic groups (see Scheme 3) using an acetylide
(containing a cyclooctyne structure) and a mono-azide
compound 17 as raw materials through the SPAAC reaction.
This would facilitate the development of drugs being capable of
specific targeting to, e.g., Escherichia coli and its derivatives.

3.2. Synthesis based on the reaction between poly-alkyne
and diazide

The nucleophilic substitution reaction between dihalide and
sodium azide could first lead to the generation of an interme-
diate product 18 (see Fig. 4) of an organic diazide. The following
reaction with alkyne could produce macromolecular poly-
triazoles by a click reaction. For instance, a poly-triazole was
successfully produced by a three-component reaction in an
aqueous solution using monovalent copper as the catalyst and
tripropargylamine as the crosslinking agent.”® The reaction
product could be easily separated, without using reductants or
oxygen protection during the process. It was also noted that the
decrease of molecular weight of the polymer featured a one-step
degradation. The thermal degradation properties of the poly-
mer was found to be dependent on the length of the polyether

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Some diazides and corresponding products involved in the synthesis of poly-1,2,3-triazoles.

chains, but not on the triazole linker. Additionally, for
improving the mechanical properties and abrasive resistance of
a polymer, a new-type, high-efficiency, fast, stable and safe
crosslinking-coupling method was explored to insert a triazole
module into the polymer.”” Using a diazide compound 19 (as
shown in Fig. 4) as a substrate, the resulting water-soluble poly-
triazole showed significantly improved mechanical strength,
with the tensile strength increasing from 0.43 to 6.47 MPa, the
Young's modulus raised to 40 MPa, and hardness reaching
73.1 MPa.

On the other hand, the macromolecular poly-triazoles can be
used as soft materials when prepared using a special diazide
compound 20 having terminal alkynes (see Fig. 4) through
a click reaction. Importantly, the polymer can be synthesized by
a simple, efficient, fast one-pot reaction without any purifica-
tion processes.*®

Similarly, a chain-like diazide compound 21 (see Fig. 4)
could also be used as a raw material for construction of triazole
modules and then formation of dendrimer-like liquid crystal.®
Various characterizations including a polarizing microscopy,
etc., indicated that the dendritic polymer exhibited a columnar
nematic liquid crystal structure. This finding thus opens up
a new avenue to liquid crustal materials.

By considering that triptycene is a fluorescence group, and
that nitrogen heterocycle of pyrazine can function as the poly-
mer backbone and offers multiple sites, Das group® fabricated
a new-type poly-triazole-based fluorecnence sensor (polymer 22
shown in Fig. 4) using a triptycene-based diazide compound
and a pyrazine-based acetylide compound as raw materials by
a click reaction. Such a fluorescence sensor contained abundant
nitrogen atoms and was rather sensitive to some aromatic
compounds, even reaching a ppm level. This work provides
a new method for ultra-sensitive fluorescence detection.

When a substrate containing trifluoromethyl groups is
employed, the finally synthesized poly-triazole can then be suit-
able for applications in proton-exchange areas. For example,

This journal is © The Royal Society of Chemistry 2017

using a click reaction to build a triazole bridge, a diazide was first
incorporated with multiple trifluoromethyl groups, followed by
the final production of a poly-triazole membrane (polymer 23
shown in Fig. 4).*" This study also demonstrated that the oxida-
tion resistance of the prepared polymer membrane was enhanced
by incorporation of sulfonic acid, triazole and trifluoromethyl
groups. Comparing to the conventional Nafion 117 membrane, it
also exhibited superior proton-exchange properties, with a proton

conductivity as high as 12-76 ms cm ™.

3.3. Synthesis based on the reaction between mono-alkyne
and poly-azide

To avoid troubles caused by protection treatment, the organic
synthesis of poly-triazoles can also be realized using a poly-azide
compound as a raw material. Apparently, when the adopted
poly-azide compound involves glycosyl modification, the resul-
tant poly-triazole turns out to be water-soluble, regardless of the
starting alkyne materials used. For instance, a poly-azide
compound 24 (as presented in Fig. 5) as a raw material was
employed to the synthesis of poly-triazole by a click reaction.*
According to the biological activity test, the synthesized poly-
triazole showed an antimicrobial activity towards Escherichia
coli and Staphylococcus aureus. Likewise, using a poly-azide
compound 25 (shown in Fig. 5) as a raw material, a hyper-
branched poly-triazole could be finally produced with the
assistance of MW, which had potential practical applications as
a new-type fluorescence molecular probe.*® Such a probe was
water-soluble and sensitive to the heavy metal and transition
metal ions. Under pH 7.0 solution conditions, it showed a high
selectivity to Zn>" in terms of fluorescence enhancement among
many other bio-related metal ions. In addition, it could also be
used to detect different organic solvents under visible light
irradiation, such as acetonitrile and others. Furthermore,
a soybean oil-like poly-azide compound 26 (shown in Fig. 5) was
also employed as a substrate to incorporate triazole, ester, and
other functional groups by a catalyst-free click reaction.** The

RSC Adv., 2017, 7, 2281-2287 | 2285
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Fig. 5 Some multi-azides used for the synthesis of poly-1,2,3-
triazoles.

mechanical properties of the as-synthesized polymer could be
improved dramatically. Besides, the antibacterial activity test
revealed that the triazole groups of the obtained polymer had
a great impact on the antibacterial activity.

4. Conclusion & perspectives

All in all, with the help of click reactions, various macromo-
lecular poly-triazoles have been synthesized by combination of
different groups, of which the structure and function can be
varied. The present review has presented versatile poly-1,2,3-
triazole-based functional materials which have attracted
growing attention all over the world and are believed to be a hot
topic in the coming years, especially in exploration and devel-
opment of synthetic routes.*® However, to further expand the
applications of poly-1,2,3-triazoles in the areas of drug
synthesis, ion recognition, chemicobiology, supramolecular
chemistry and others, much work still remains.">*® The mini
review presented here can hopefully serve as a guide to better
design and fabrication of functional poly-1,2,3-triazoles for
addressing the problems existing in scientific communities and
real-world industries.

Although a significant advance has been achieved for
synthesis and potential applications of poly-1,2,3-triazole-based
functional materials in the past few decades, there still exist
a number of challenges.*” On the one hand, how to precisely
control the stoichiometric ratio of the monomers alkyl and
azide during the synthesis, since this is highly important for
obtaining poly-1,2,3-triazole-based functional materials with
high performance, as well as with promising and useful appli-
cations. On the other hand, practical applications of these poly-
1,2,3-triazole-based functional materials are still in its infancy
and much work remains to realizing large-scale production and
applications. Despite the fact that poly-1,2,3-triazole-based

2286 | RSC Adv., 2017, 7, 2281-2287
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functional materials have found a wide spectrum of potential
applications since their first effective synthesis; however only
few practical applications have been developed so far. Finally,
we also speculate that a breakthrough in synthetic methodolo-
gies is highly desirable to further promote the development of
the poly-1,2,3-triazole-based functional materials for various
practical applications on a large scale.
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