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Heterocyclic systems are now considered to be an integral part
of material chemistry. Thiophene, selenophene, furan, pyrrole,
carbazole, triazine and others are some such examples worth
mentioning. 2,4,6-Tri(thiophen-2-yl)-1,3,5-triazine is a Cy,-sym-
metric system with thiophene as the donor unit and s-triazine
as the acceptor unit. This review gives an insight into the
advances made in the thienyl-triazine chemistry over the past

1. Introduction

Materials science is an interdisciplinary field that has emerged
by bridging the gap between physics, chemistry, biology and
allied fields. The last three decades have led to significant
achievements in material chemistry. Both organic and inorganic
compounds have contributed significantly in this regard.
Organic compounds have been the trend setter to achieve new
heights in the field of organic semiconductors, biomaterials,
liquid crystals etc. The mention of heterocycles cannot be
ignored in this regard and heterocyclic chemistry has led to
immense contribution and ground-breaking results for an
overall progress of material science. Amongst the wide class
of heterocycles available, thiophene, selenophene, carbazole,
pyrrole, furan, pyridine, triazine etc. are some systems that have
played a key role for the wide application of organic
compounds in material chemistry.”

Thiophene is a heterocycle with the formula C,H,S and
consists of one sulfur as heteroatom.™ The versatile applications
of thiophene based compounds emerge from several contribu-
ting factors such as its easy and inexpensive availability as a by-
product of petroleum distillation, easy functionalization of a-
and p- positions of thiophene, easy synthesis of thiophene
based regioregular molecules and polymers, easy synthesis of
wide class of materials like linear systems, branched systems,
star shaped systems and dendrimers and their stability etc.*'®
All these factors further contribute in establishing a detailed
structure property relationship by fine tuning of the
materials."”

Triazine is another important heterocycle that consists of
three nitrogen atoms, i.e, a system in which three carbon-
hydrogen units in benzene are replaced by nitrogen. There are
three isomers of triazine depending on the position of the
nitrogen atoms. These isomers are 1, 2, 3-triazine (asymmetrical
triazine or vicinal triazine 1.1), 1, 2, 4-triazine (asymmetrical
triazine or isotriazine 1.2) and 1, 3, 5-triazine (symmetrical or s-
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two to three decades. The synthetic pathways for arriving at
this system and all its important derivatives are provided. The
major focus is on the materials synthesized using the thienyl-
triazine system, including star molecules, linear and hyper-
branched polymers, porous materials and their diverse applica-
tions. This review will play a catalytic role for new dimensions
to be explored in thienyl-triazine chemistry.

triazine or cyanidine 1.3) (Scheme 1A)."® Triazine based systems
have also been of immense biological significance."**” The
symmetric triazine isomer, that is, 1,3,5-triazine also referred as
s-triazine (1.3) is the most interesting and important isomer that
has been used in variety of applications. The importance of s-
triazine in material chemistry can be attributed mainly to its
high electron affinity, symmetry and different type of
supramolecular interactions that it gives rise to. This system has
huge potential for formation of different types of non-covalent
bonds (Scheme 1B) that involve either nitrogen lone-pairs (H-
bonds and coordination), heteroaromatic m-electrons (m-7t
stacking and cationic-m interactions) or its o backbone (anionic-
o and electron rich-o interactions).”'?

Undoubtedly if there is a system that involves both
thiophene and the triazine unit, it is expected to show
interesting properties and act as a foundation for diverse class
of materials with intriguing applications in material chemistry.
An interesting example of this class of material is 2,4,6-
Tri(thiophen-2-yl)-1,3,5-triazine (Scheme 1C). This molecule pos-
sesses unique features such as a m-electron deficient core that
is 1,3,5-triazine, three thiophene as m-electron rich side branch,
highly symmetrical and coplanar structure (C;, symmetry),
possibility of easy functionalization of a-positions of thiophene
for further extension of conjugation etc. Both the thiophene
and triazine units can lead to different types of interaction in
the resulting compounds.”” Presence of thiophene has been
known to enhance intra- and intermolecular interactions such
as Vander Waals interaction, m-m stacking, weak hydrogen
bonds, S-S interactions arising due to the high polarizability of
the presence of sulfur.”®>% As discussed previously, triazine unit
enhances the existence of supramolecular interactions. The
incorporation of thienyltriazine in material chemistry leads to
compounds with narrow energy gap (band gap) which means
the structural and optical properties of the resulting materials
can be easily tuned by tuning the extent of conjugation of the
groups present.””

Also, molecules with strong pull-push effect (donor-accept-
or) and good coplanarity enhance the flow of electrons and/or
holes and also facilitate exciton separation. Large number of
heteroatoms also widen the possibility of interaction with guest
molecules. These all-contributing factors have made thienyltria-
zine a very interesting candidate that has been explored in
diverse fields like organic electronics, porous organic chemistry
etc. Such donor-acceptor systems have been used for the
synthesis of star type systems, linear polymers, porous materials
and such systems have been known to show two-photon
absorption behaviour, catalytic behaviour, energy storage
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property, and have been used in CO, sequestration, catalytic
behaviour, liquid crystalline behaviour and more.?**4

Though a unique and interesting system, thienyltriazine
chemistry is yet to be explored to obtain the best out of it. This
review is intended to serve this purpose and here we have
summarized the major advances that have taken in the
thienyltriazine chemistry over the span of past two-three
decades. This includes insights into the synthesis of thienyltria-
zine and its important functionalised derivatives. The major
focus is on the application of thienyltriazine system for the
synthesis of star molecules, linear and hyperbranched polymers
and porous materials. At the end we have discussed some
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challenges that need to be addressed for further research in
this direction.

2. Synthesis of Thienyltriazine and its
Derivatives

Important synthesis methods of 2,4,6-tri(thiophen-2-yl)-1,3,5-
triazine and its functionalized derivatives that act as precursors
for the synthesis of wide array of materials are outlined in
Scheme 2.
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Scheme 2. Different synthetic approaches to 2,4,6-tri(thiophen-2-yl)-1,3,5-triazine.

One of the earliest syntheses of 2,4,6-tri(thiophen-2-yl)-
1,3,5-triazine or thienyltriazine was reported by Forsberg and
co-workers in 1988 (Scheme 2) that involved lanthanide ion
(Ln**) catalysed reaction between ammonia and 2-cyanothio-
phene (2.1). This led to the formation of mono-substituted
amidine intermediate 2.2 which underwent further reaction
with two molecules of 2.1 to afford the cyclized triazine
derivative 2.3 in an overall 69% yield. The Ln’" ions enhance
the ion-dipole interaction assisted polarization of the cyano
group thus promoting the addition of ammonia to it.*’

Another important synthesis of bithienyl-triazine derivatives
(2.7, 2.8a/b/c) was given by Chérioux and co-workers in 1998
(Scheme 2). It involved a triple aromatic nucleophilic substitu-
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tion of 2,2'-dithienyllithium salts of 2.4 and 2.5 on cyanuric
chloride. The mesomeric effect of the nitrogen atoms activates
the substitution reaction and stabilizes the intermediate
species, thus making this synthesis approach highly efficient. All
the products could be easily isolated in more than 90%
yield.[“G"m

Thienyltriazine can also be prepared by employing the
common metal-catalysed coupling reactions like the Stille
coupling reaction, Suzuki coupling reaction, Kumada coupling
reaction etc.*®>* Leriche and co-workers synthesized 2.3 by
reaction between lithiated thiophene (2.10) or 2-tributylstan-
nylthiophene (2.9) with cyanuric chloride (2.6) in 20% and 80%
yields, respectively.® Naka and co-workers made use of the

© 2023 The Authors. Published by Wiley-VCH GmbH
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coupling approach given by Kumada and Tamao. This involved
the Grignard cross-coupling reaction between thienylmagnesi-
um bromide (2.11) and cyanuric chloride (2.6) to give 2.3 in
58% yield.®”® Further 2.3 can also be obtained in an approx-
imate 84% vyield by Suzuki coupling reaction between 2-
thienylboronic acid (2.12) and cyanuric chloride (2.6).5” The
most straightforward, commonly adopted and easy synthesis of
thienyltriazine (2.3) involves the cyclotrimerization reaction of
2-cyanothiophene (2.1) in presence of trifluoromethanesulfonic
acid under cold conditions to afford the desired product in
more than 70% yield.”**"

Leriche and co-workers in their 2009 report also provided
crystallographic insights into the structure of thienyltriazine,
2.3. This compound crystallizes as two independent molecules
in the orthorhombic Pna2, space group. The sum of the van der
Waals radii for two sulfur atoms was 3.70 A, whereas the 51--54
contacts measured 3.512(2) A and 3.534(2) A which indicated
the presence of intermolecular interactions (Figure 1. top). The
sulfur atom and the carbon atom in 3-position of the thiophene
ring are located at two positions, indicating the positional
disorder effects in the molecule. The system is completely
planar and the distance between two adjacent unit measures
3.40 A or 3.46 A. The triazine core from one molecule stacks
with a little shift to the thiophene ring of the other molecule
(Figure 1, bottom).®

Cross-coupling reactions have become the most important
synthetic tool for the preparation of novel class of organic
compounds for applications in biology and material chemistry.
These cross-coupling reactions necessitate the synthesis of
different functionalized derivatives like the halides, stannyl,
boronic acid or boronate, ethynyl etc.***¥ The preparation of
different functionalized derivatives of thienyltriazine (2.3) is
presented in Scheme 3. The synthesis of a triboronate derivative
of 2.3, i.e,, 3.2, was reported by Naka and co-workers.”® The
first step involved the preparation of tribromo counterpart 3.1,
followed by the lithiation of 3.1 and finally reaction of the
lithiated derivative with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane to afford the desired product in 72% yield. The
bromination of thienyltriazine can be carried out under different
conditions such as using Br, in CHCl; at around 60°C or using
N-bromosuccinimide (NBS) in CHCL® or by using lithium
diisopropylamide (LDA) in THF followed by the addition of
(CF,Bn),.®" The use of NBS for bromination of 2.3 is not a facile
approach as it leads to a mixture of halide derivatives and their
separation becomes cumbersome. The best approach for the
preparation of the tribromo analogue 3.1 is by using Br,, as the
electron-withdrawing nature of triazine makes aromatic electro-
philic substitution at thiophenes difficult. However, for prepara-
tion of the dibromo derivative of thienyltriazine, i.e., 3.3, using
NBS in CHCl; is more appropriate.

The boronic acid derivative 3.4 can be obtained by treat-
ment of the lithiated derivative of 2.3 (prepared by using freshly
prepared LDA) with triisopropyl borate under negative temper-
ature conditions followed by isolation of the product in 83%
yield by treatment with acid.”” Under similar reaction con-
ditions, replacing the borate derivative with tributyl tin chloride
affords the tristannylated derivative 3.5 in more than 90%

ChemistryOpen 2023, 12, €202200203 (5 of 32)
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Figure 1. Top. Ortep view of derivative 2.3, ellipsoids drawn at 50 %
probability level. Bottom. Part of the packing diagram in the unit cell.
Reproduced with permission from Ref. [55], Copyright Elsevier, 2009.

yield." The triethynyl derivative of 2.3, i.e., 3.7 can be obtained
in approximately 68 % yield by a Sonogashira coupling reaction
of tribromo derivative 3.1 with trimethylsilyl acetylene followed
by the deprotection of the silyl group under basic conditions.”™”

All the derivatives mentioned above have been further used
by researchers to prepare diverse class of materials. The use of
thienyltriazine for the synthesis and application of different
class of materials will be discussed below in coming sections in
details.

© 2023 The Authors. Published by Wiley-VCH GmbH
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Scheme 3. Synthesis of derivatives of 2,4,6-tri(thiophen-2-yl)-1,3,5-triazine.

3. Thienyltriazine-Based Systems and their
Applications

The thiophene and triazine system present as the donor and
acceptor unit, respectively, in thienyltriazine impart it with
unique properties such as the push-pull effect, coplanarity,
enhanced supramolecular, and m-;t interactions. Besides that,
the molecule possesses a Cs, symmetry which makes it an ideal
candidate for application in material chemistry. This has led to
wide application of the thienyltriazine system for the synthesis
of star type molecules, linear and hyperbranched polymers,
wide class of porous materials etc. Detailed insights into each of
the class is discussed in the coming sections.

3.1 Thienyltriazine-based star molecules

Star-shaped molecules are class of branched compounds in
which more than two arms are attached in a symmetrical
fashion to a single multifunctional core. The first star-shaped
polyamides were reported in 1948 by Flory and co-workers and

ChemistryOpen 2023, 12, €202200203 (6 of 32)

later on, in 1962, Morton and co-workers reported star-shaped
branched polystyrenes polymer prepared through anionic
polymerization.®*®¥ |t was after this report that branched
systems with three or more arms were referred as star systems.
Star-based systems have become promising materials in differ-
ent fields like optoelectronics, electrochromic devices, biological
applications, liquid crystalline materials etc. The defined molec-
ular weight, defined molecular structure, easy purification,
reproducibility in devices etc. are some of the factors that make
star molecules superior to the polymer materials.***” Symmet-
ric systems like triphenylamine, 24 6-trisubstituted 1,3,5-
triazine, 1,3,5-trisubstituted benzene etc. have been some of
the most interesting precursors for the synthesis of star
molecules.® Thienyltriazine has become an attractive candi-
date for the synthesis of star-shaped small molecules that find
diverse applications besides being used to establish structure-
property relationship. These examples are discussed below in
detail.

© 2023 The Authors. Published by Wiley-VCH GmbH
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3.1.1 Structure-property relationships

The first report of thienyltriazine-containing star molecule
polymers was given by Chérioux and co-workers. These
compounds were the bithienyl-substituted triazine derivatives
2.7 and 2.8a, and their synthesis has been discussed in
Scheme 2. Electrochemical insights revealed that the voltammo-
grams were irreversible for 2.7 irrespective of the scan rate up
to 1000 Vs™', indicating a very high reactivity of the electro-
generated cation radical species. Molecule 2.8a showed an
oxidation potential of 1.27V vs. SCE (saturated calomel
electrode) at 1Vs™' with a return peak. In this case, the
propylthio group blocks the a positions and hence the cation
radicals can neither undergo coupling nor nucleophilic attack
due to the sterics arising from the triazine centre. The oxidation
of an adsorbed species was always observed in the return peak
irrespective of the solvent indicating the less solubility of the
electrogenerated cation radical.”*®

Based on their previous report, Chérioux and co-workers
further prepared butyl-substituted and allyl-substituted ana-
logues of 2.8a, that is 2.8b and 2.8¢, in almost 90% vyield,
respectively (Scheme 2). The butyl chain was introduced to
enhance the solubility of the final molecule and the allyl chain
was introduced with the aim to polymerize the allyl precursor.

1
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| NI
7z S,
BuO

Bu

BuN

Insights into the electronic properties of these octupoles
revealed a complete planar arrangement with D;, symmetry
and an absorption band centred at 380 nm. These octupoles
also showed off-resonant third order non-linear optical (NLO)
properties and a relative nonlinear index of 0.6. In accordance
with the position of the linear absorption peak wavelengths, a
two-photon absorption band was observed around 760 nm
quite far from the exciting wavelength.*”

Leriche and co-workers established structure-property rela-
tionships of short-chain oligothiophenes attached to the
triazine core. These donor-acceptor systems include 2.3, SM4.1,
2.7, SM4.2 and SM4.3 (Scheme 2 and Scheme 4) and were
synthesized by utilising a Stille coupling strategy in 80%, 90%,
60%, 83%, and 30% vyield, respectively. As expected, an
increase in the number of 3,4-ethylenedioxythiophene (EDOT)
units present in the branch led to an increase in the wavelength
of absorption and consequently a decrease in the oxidation
potential. SM4.3 had two EDOT units on each arm and hence
its two successive oxidation waves were observed at 0.80 V and
1.10 V compared to 0.98 V and 1.17 V for SM4.2. SM4.1, SM4.2
and SM4.3 could also be electrochemically polymerized into
the corresponding electroactive polymers with decreased
oxidation potential compared to the polymers.®™
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Scheme 4. 2,4,6-Tri(thiophen-2-yl)-1,3,5-triazine-based star molecules used to establish structure-property relationships.
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Star-like systems SM4.4 and SM4.5 (Scheme 4) consisting of
the electron-accepting triazine core and electron-rich bithieny-
lene arms with an alternative arrangement of Si—Si bonds were
reported by Naka and co-workers.”® SM4.4 and SM4.5 were
prepared by the Pd-catalysed reactions of 2,4,6-tris[5-(1,3-dioxa-
4,4,5,5-tetramethyl-2-borolanyl)-2-thienyl]  triazine with 5-
bromothienylpentamethyldisilane and 1-(5-bromothienyl)-2-
bithienyltetramethyldisilane, respectively in 30% and 23 % vyield,
respectively. Mizuno and co-workers in their report discussed
that introduction of silyl substituents enhanced the
fluorescence intensities of the resulting systems.*® As envi-
sioned, photophysical insights revealed higher fluorescence
quantum vyields of 0.67 and 0.96 for SM4.4 and SM4.5,
respectively, which was significantly higher than the same for
2,4,6-tris(bithienyl)triazine (Figure 2A).

Donor-m-acceptor type symmetrical triazine containing star
molecules SM4.6, SM4.7, SM4.8, SM4.9 and SM4.10 were
synthesized with an aim to establish the influence of ferrocene
and varying spacer units on the electronic properties of the
resulting systems. SM (4.6-4.10) were obtained by Pd-catalysed
Sonogashira coupling reaction in 52%, 57 %, 39%, 40% and
32% vyields, respectively (Scheme 4). All the star molecules
(SMs) showed strong absorption centred between 349 nm and
382 nm arising from m-t* transitions and confirm the presence
of intramolecular charge transfer from ferrocene core to the
triazine core (Figure 2B). The charge transfer bands of SM4.8,
SM4.9 and SM4.10 overlapped with the m-rt* transition band
and hence could not be observed separately. The following
trend observed in the oxidation potential SM4.6 >SM4.10 >
SM4.8 >SM4.9 is indicative of the nature of the spacer group.
For example, SM4.9 containing a meta-branched spacer dis-
rupts the m-conjugation and hence exhibits lower oxidation
potential compared to SM4.6, SM4.8 and SM4.10. Similarly,
SM4.6 with an acetylenic spacer features extended m-conjuga-
tion and hence has higher oxidation potential compared to
other SM4.8, SM4.9 and SM4.10 and is indicative of efficient
electronic communication between the donor and acceptor
counterparts. Besides being non-emissive, all the SMs exhibited
good thermal stability with the following order SM4.10 >

SM4.6 >SM4.8 >SM4.9 and this was indicative of the robust-
ness of SM4.10 and SM4.6.*”

The effects of electronic nature of the terminal aryl groups
on the thienyltriazine systems were studied by Muraoka and co-
workers where they synthesized star-type molecules SM4.11-
SM4.16 (Scheme 4) by using Suzuki coupling reactions in yields
ranging from 28-90%.°" These SMs had tuneable photo-
physical properties. SMs with the most electron-rich donor
(dibutylamino group), i.e, SM4.14 exhibited absorption and
emission solvatochromic properties due to efficient intramolec-
ular charge transfer. The absorption maximum of SM4.15 was
greater than that of SM4.16 guided by the electron-donating
strength of the aryl group pentafluorophenyl > p-trifluorometh-
ylphenyl and the other compounds also showed a trend
SM4.14 > SM4.13 >SM4.12 >SM4.11 guided by the electron
donating strength of the aryl counterpart which is N,N-
dibutylaminophenyl > p-butoxyphenyl > p-butylphenyl >
phenyl. Electrochemical insights revealed that the HOMO
energy level increases in the order SM4.14>SM4.13 >
SM4.12 > SM4.11 > SM4.15 and the LUMO level increases in the
order of SM4.15<SM4.11 <SM4.12 <SM4.13 <SM4.14 and
the trend are in accordance with the electron donation ability
of the aryl substituents. SM4.14 with a reversible oxidation
wave at +0.51V showed an overall three-electron transfer
process due to formation of tri-radical cation species containing
three amino radical cation segments. Besides that, SM4.14
exhibited colorimetric and luminescence proton sensing prop-
erties as witnessed by a change in the UV-Vis absorption
spectra by addition of increasing amounts of trifluoroacetic acid
(TFA; Figure 3A). The terminal amino group and the nitrogen
atoms on the triazine core act as proton-sensitive receptors.

In a separate report in 2016, Zhong and group reported an
electrochromic device using thienyltriazine 2.3 as an electro-
chromic active layer and the device structure involved 2.3/
conducting gel/ITO (Indium tin oxide). Electrochemical doping
and de-doping of 2.3 as a solid film in between potential
+1.9V and —1.9V resulted in a colour change from colourless
to orange-yellow as shown in Figure 3B. This report indicated
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Figure 2. (A) Fluorescence spectra of SM4.4 and SM4.5 in 10> m dioxane solution. Reproduced with permission from Ref. [56]. Copyright Elsevier, 2012. (B)
Normalised electronic absorption spectra of triazines 3.7, SM4.6-SM4.10 in CH,Cl, (1x 10 m solution). Reproduced with permission from Ref. [60]. Copyright

Elsevier, 2013.
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Copyright Taylor and Francis, 2015.

the potential of thienyltriazine as a promising electrochromic
material.”?

3.1.2 Materials with two-photon absorption
behaviour

Two-photon absorption is a third-order nonlinear optical
property that involves absorption of two low-energy photons at
the same time leading to a high-energy excited state. The two-
photon absorption phenomenon finds its application in several
fields like photodynamic therapy,”" optical power limiting,”?
two-photon fluorescence excitation microscopy,” 3D optical
data storage,”¥ two-photon upconversion lasing” etc. The
triazine core, offering a strong electron-accepting ability and
coplanarity when connected with aryl substituents, has been
widely explored for the synthesis of materials with large two-
photon absorption cross-section.”7®

Zou and co-workers synthesized star-shaped molecules
SM5.1-SM5.7 (Scheme 5) in yields exceeding 65% by using
palladium-catalysed cross-coupling reactions.” SM5.5, SM5.6
and SM5.7 had the same core, thienyltriazine, and same arms
(triphenylamine, carbazole and fluorene, respectively) as SM5.1,
SM5.2 and SM5.3, respectively with the difference that the
former had an acetylene spacer between the core and arms.
Photophysical insights revealed that changing the end group
can significantly influence the optical properties. The electron-
donating strengths of the arms follow the order triphenyl-
amine > 3-(N-alkylcarbazole) > 2-(N-alkylcarbazole) ~ 2-(9,9-dia-
Ikylfluorene) and hence, the order of UV-Vis absorption maxima
is SM5.1>SM5.2 >SM5.3>SM5.4. The same trend was also
observed for SM5.6-SM5.7. The UV-Vis absorption maximum is
influenced by both the strong intramolecular charge transfer

ChemistryOpen 2023, 12, €202200203 (9 of 32)

(ICT) effect and m-conjugation efficiency. Electrochemical in-
sights reveal that all compounds exhibit reversible or quasir-
eversible redox behaviour and the band gap of the star
molecules decreases as the electron-donating strength of the
end group increases. All the SMs exhibited two-photon
absorption in the wavelength range 720-880 nm with large
two-photon absorption cross-section area associated with
strong intramolecular charge transfer (Figure 4). The maximum
of the two-photon cross-section (0,y,) increases with the
increase in the electron-donating strength of the end group.

In continuation of their 2013 report,*® Maragani and co-
workers studied the linear and nonlinear optical properties of
the star-shaped ferrocenyl substituted thienyltriazines SM4.6,
SM4.8, SM4.9 and SM4.10 (Scheme 4). Photophysical and
electrochemical insights revealed that the red shift in the m-t*
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Figure 4. Two-photon absorption spectra of SM5.1-SM5.7. Reproduced with
permission from Ref. [79]. Copyright John Wiley and Sons, 2009.
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Scheme 5. 2,4,6-Tri(thiophen-2-yl)-1,3,5-triazine-based star molecules displaying two-photon absorption behaviour.

absorption and enhancement in molar extinction coefficient in
SM4.6, SM4.8-SM4.10 were directly proportional to the con-
jugation length whereas the HOMO-LUMO gap was inversely
proportional to the conjugation length. The most conjugated
ferrocenyl triazine system SM4.10 exhibited a large two-photon
absorption coefficient value of around 1.8x 107> m/W.B”

3.1.3 Materials with liquid crystalline behaviour

The controlled self-assembly of conjugated entities based on
supramolecular interactions can help in tailoring their proper-
ties, and introduction of liquid crystallinity in m-conjugated
materials is one of the convenient ways to control molecular

self-organization.®** Due to different types of non-covalent
interactions arising individually due to thiophene and triazine
systems, the thienyltriazine system has been explored in the
field of liquid crystalline materials.®

Yasuda and co-workers in their work synthesized conductive
columnar materials SM6.1(a—c), SM6.2, and SM6.3 by palla-
dium-catalysed coupling reaction in yields between 80-90%.
(Scheme 6).%% Time-of-flight measurements revealed that these
octupoles can self-organize into 1D columnar nanostructures as
shown in Figure 5A. Polarizing optical photomicrographs of
SM6.1b in the Col,, phase at 100°C are shown in Figure 5B.
Electrochemical insights revealed that all octupoles can under-
go both electrochemical oxidation and reduction because of
the inherent D—A nature and the E , values of the

Figure 5. (A) Schematic illustration of the homeotropically aligned Col, structure of SM6.1a. The blue, pink and grey portions stand for the triazine cores,
phenylthiophene units, and alkyl chains, respectively. (B) Polarizing optical photomicrograph of SM6.1b in the Col,, phase at 100 °C. (C) Dendritic growth of a
homeotropic domain of SM6.1b on slow cooling (1°Cmin~") with uncrossed polarizers. The arrows indicate the directions of polarizer and analyser axes.
Reproduced with permission from Ref. [86]. Copyright American Chemical Society, 2011. (D) Schlieren textures of SM6.4 e at two different magnifications
(crossed polarizers, 45 °C). Reproduced with permission from Ref. [88]. Copyright Taylor and Francis, 2018.
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Scheme 6. 2,4,6-Tri(thiophen-2-yl)-1,3,5-triazine based star molecules showing liquid crystalline behaviour (SM6.1, SM6.2, SM6.3 and SM6.4) and those used

as photovoltaic materials (SM6.5, SM.6, SM6.7 and SM6.8).

compounds, i.e., —3.0 eV, were comparable to that of widely
used electron-transporting material Alg;®" The charge carrier
mobility studies revealed that SMé6.1a exhibited hole and
electron mobilities as p*=3x10"° and p~ =4x10>cm?V's™
at 100°C, respectively, whereas SM6.1b exhibited the same on
the order of 10~ and 107> cm?V~'s™' respectively, in the Col,
phase. The 100 times faster electron mobilities in both cases
was attributed to the octupolar structure of the propeller-
shaped SM and the trigonally ramified phenylthiophene arms.
The triazine core enhances the stacking between the molecules,
thus leading to highly efficient 1D electron transport. SM6.2
and SM6.3 did not show any electron mobilities but exhibited
highly enhanced hole mobilities of the order 107> cm?V~'s™
attributed to increased intermolecular m-m interaction arising
due to electron-rich segments.

Taing and co-workers reported the synthesis of SMs
involving s-triazine cores substituted with three thiophene
carboxylate groups (Scheme 6).%® Nine derivatives with linear,
branched, and chiral ester chains were synthesized [SM6.4(a-i)]
with yields ranging between 14-93%. Their mesomorphism
was studied by polarised optical microscopy, differential
scanning calorimetry, and powder X-ray diffraction. Triazines

ChemistryOpen 2023, 12, e202200203 (11 of 32)

with linear propyl to octyl chains SM6.4b-SM6.4g displayed
monotropic nematic discotic mesophases that crystallised with-
in hours or days or when mechanically agitated. Packing
structures for the nematic phases were proposed based on the
single crystal structure of the ethyl ester. SM6.4e, SM6.4f,
SM6.4h and SM6.4i had unusually slow nucleation and crystal
growth, probably due to the large number of possible low-
energy conformations that arise from the conformationally
flexible core. The nucleation and crystal growth could be
enhanced by incorporation of racemic and chiral branched
chains as was the case observed for SM6.4h and SM6.4i with
lowered melting points. Chiral nematic discotic mesophases
were obtained for binary mixtures of derivatives with chiral
branched and linear chains SM6.4e and SM6.4i (Figure 5D).

3.1.4 Materials for photovoltaic applications
Combining donor-acceptor systems with conjugated systems is
a well-known strategy for designing low energy gap/band gap

materials. Thienyltriazine-based star molecules have shown
remarkable results in this direction. SM6.5 was synthesized by

© 2023 The Authors. Published by Wiley-VCH GmbH
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using the Stille coupling reaction of 2,4,6-trichloro-1,3,5-triazine
with  N,N-bis(4-methoxyphenyl)-N-[(5-(tributylstannyl)thiophen-
2-yl)phenyllamine in ~50% vyield (Scheme6). The UV-Vis
absorption study revealed the absorption maximum of SM6.5
to be at 429 nm and its emission maximum was observed to be
at 502 nm with a small Stokes shift of 73 nm. SM6.5, being used
as a hole-transporting material in perovskite solar cells,
exhibited a remarkable power conversion efficiency (PCE) of
12.51% with a J,. of 20.74 mAcm 2 a V,. of 0.92, and a fill factor
(FF) of 66%. Moreover, a SM6.5-based cell showed a good
stability for 250 h.®”

In 2021, Deng and co-workers designed the synthesis of
thienyltriazine and perylene diimide-containing propeller-like
star molecules SM6.6 and SM6.7 (Scheme 6).*” The thiophene
units of thienyltriazine prevented the overcrowding of the
triazine cores by the perylene diimide (PDI) arms and also the
sulfur atom of thiophenes led to N----S non-covalent interactions
that provided the propeller-shaped molecules with a conforma-
tional lock. The smaller triazine core also reduced the distance
between the PDI arms and enhanced the intramolecular charge
transport. In SM6.7, an N-annulation strategy was used on the
outer bay position of each PDI arm. The arylamine chain in
SM6.7 reduced its crystallization tendency due to steric factors.
Both molecules displayed excellent thermal stability and photo-
physical studies revealed a strong absorption from 450-550 nm
in solution. The optical band gaps were calculated to be 2.13 eV
for both the molecules whereas the electrochemical band gap
were found to be 2.32 eV and 2.40 eV for SM6.6 and SM6.7,
respectively. The slightly lower band gap of SM6.7 was
attributed to its low crystallization tendency which reduces
intermolecular aggregation. These molecules were explored in
photovoltaic devices with SM6.8 as the donor polymer. For
SM6.8:SM6.6, a top PCE of 8.75% was obtained with V.. of
1.06 V, J,. of 12.19 mAcm2 and FF of 67.78 %. The SM6.7-based
devices showed improved performances with top PCE reaching
10.52%, V,. of 1.12V, J. of 13.09 mAcm~2 and FF of 71.76%.
However, SM6.7 showed significantly lower electron mobilities
due to the hindered intermolecular aggregation arising due to
the extra side chain.

3.1.5 Other miscellaneous applications

Besides the above discussed applications, thienyltriazine con-
taining systems have also been used as flame retardant
materials, sensing materials etc.

Zhang and co-workers, in two separate reports, explored
the synergistic effect of boronic acid derivative of thienyltriazine
(3.4) on the flame retardancy of epoxy resin and the results
showed that boronic acid derivative alone or along with
Mg(OH), can inhibit combustion effectively without decreasing
the mechanical strength.”"*

Thienyltriazine cores with 1-aza 15-crown 5-ether and
dipicolylamino groups as receptors arms were used to synthe-
size star-shaped (D-m);-A molecules SM7.1 and SM7.2
(Scheme 7) in 71% and 60% yields, respectively, by using the
Suzuki-Miyaura coupling reaction. Photophysical insights re-
vealed the absorption maxima for the two compounds to be
located at 450 nm and 435 nm, respectively, whereas their
emission maxima were located at 553 nm and 547 nm,
respectively. Besides that, both molecules exhibited strong ICT
and ICT-based optical properties. Both SM7.1 and SM7.2
exhibited spectral blue shifts followed by red shifts upon
protonation. SM7.1 also exhibited a similar shift upon stepwise
complexation of Mg®" (Figure 6A), whereas SM7.2 exhibited a
blue shift upon complexation with Zn?* (Figure 6B). The initial
blue shift occurs due to the decreased ICT donor capacity of the
amino-donor-type receptors on binding with cations and the
second red shift was attributed to the enhanced acceptor ability
of the triazine core upon binding cations.®™ Such systems can
be used for visual and distinct detection of both protons and
metals ions.

Park and co-workers reported new trinuclear complexes of
Pd** and Pt**, SM7.3 and SM7.4 (Scheme 7), containing Cy;,-
symmetric thienyltriazine obtained by triple oxidative addition
reactions. A Sonogashira-type coupling of trinuclear Pt** halide
complex, i.e, SM7.4 with alkynes, in the presence of cuprous
halide and diethylamine, formed the corresponding alkynyl Pt**
complex SM7.5.°¥
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Figure 6. (A) First-step changes in the UV-Vis absorption spectrum of SM7.1 (10 umol dm™) CH,Cl,-CH,CN solution (1:1, v/v) upon the gradual addition of
Mg** (0 to 2.0x 10" eq.). (B) Changes in the UV-Vis absorption spectrum of SM7.2 (10 pmol dm~3) CH,Cl,-CH;CN solution (1:1, v/v) upon the gradual addition
of Zn?* (0 to 3.0 eq.). Reproduced with permission from Ref. [93]. Copyright Chemical Society of Japan, 2019.
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Scheme 7. 2,4,6-Tri(thiophen-2-yl)-1,3,5-triazine-based star molecules for sensing (PM7.1 and PM7.2) and catalytic applications (PM7.3 and PM7.4).

3.2 Thienyltriazine-based linear and
hyperbranched polymers

Linear thienyltriazine polymers are prepared by using its
difunctionalised derivative whereas hyperbranched polymers
are prepared by using its trifunctionalized derivative.

The first example of thienyltriazine containing octupolar
polymer, P8.1 was given by Chérioux and co-workers in 1999
(Scheme 8). The polymer was synthesized by radical homopoly-
merization of octupolar monomer 2.8 ¢ with azobisisobutyroni-
trile (AIBN) as radical initiator. The UV-Vis absorption spectrum
of the polymer revealed a narrow linear absorption band
centred at 376 nm. The polymer was also explored for its off-
resonant third order nonlinear optical properties.”*”!

Zou and co-workers designed and synthesized m-conju-
gated thienyltriazine-based linear polymers P8.2, P8.3, P8.4 and
P8.5 (Scheme 8). P8.2, P8.3 and P8.4 involved a Sonogashira
coupling reaction between the dibromo thienyltriazine counter-

ChemistryOpen 2023, 12, e202200203 (13 of 32)

part and 2,5-bis-dodecyloxy-1,4-diethynyl-benzene, 3,6-diethyn-
yl-9-dodecyl-9H-carbazole and 2,7-diethynyl-9,9-dihexyl-9H-flu-
orene, respectively, to give the polymers in yields greater than
60%. P8.5 was synthesized by a Suzuki coupling reaction
between dibromo thienyltriazine and 9,9-di-n-hexylfluorene-2,7-
bis(trimethyleneboronate). All the polymers displayed excellent
thermal stability and the decomposition temperature was
highest for P8.5 (~429°C). Polymer P8.3 had a rigid structure
due to presence of single alkyl chain and hence it lacked any
glass transition temperature. Photophysical insights revealed
that the thin film UV-Vis absorption maximum of the polymers
followed the trend P8.2>P8.5>P8.4>P8.3 and the emission
maximum followed the trend P8.3>P8.2>P8.5>P8.4 (Fig-
ure 7A). The observed trend of quantum yields of the polymers
was P8.5>P8.4>P8.3>P8.2. The UV-Vis absorption was
observed in two regions viz. 420-490 nm and 300-350 nm, the
former arising due to m-mt* electron transition due to donor-
acceptor attributed extended conjugation and the latter arising

© 2023 The Authors. Published by Wiley-VCH GmbH
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Figure 7. (A) Photoluminescence spectra of the polymers P8.2, P8.3, P8.4 and P8.5 in solution. Reproduced with permission from Ref. [95]. Copyright John
Wiley and Sons, 2007. (B) The fluorescence emission spectra of P9.1a/b/c/d and the linear polymer in THF measured upon excitation at 360 nm. Reproduced

with permission from Ref. [97]. Copyright Royal Society of Chemistry, 2011.

from the localised m-conjugated system. The low quantum
yields of polymers P8.2 and P8.3 in solution was due to two
factors, first is the increased donor strength and second is the
coplanarity-assisted molecular aggregation that weakens the
fluorescence efficiency. The low quantum yield of P8.4 was
attributed to the hindered molecular aggregation due to the
two long alkyl chains and the red-shifted emission maximum
and high quantum yield of P8.5 was due to the efficient
conjugation and absence of an alkyne spacer. The presence of
the triazine core imparts all the polymers with low lying LUMO
(—2.86 to —3.06 eV) thus making them ideal candidates for
electron transport.”

The two-photon absorption property of polymers P8.2,
P8.4, and P8.5 was studied by Mariz and co-workers. An
increase in the electron-donating strength of the donor caused
an increase in the mass-weighted two-photon absorption cross-
section. The conjugation length of the polymer was directly
proportional to the two-photon absorption cross-section and
hence the same was greater for P8.4 as compared to P8.5.
These polymers were also used to prepare water-soluble
polymer dots of diameter 60-70 nm and with a two-photon
absorption (TPA) cross-section of the order of 10° GM.*®

ChemistryOpen 2023, 12, e202200203 (14 of 32)

Thienyltriazine-containing hyperbranched polymers synthe-
sized by using monomers in different ratios were reported by
Zou and co-workers. These polymers with 2,4,6-tri(thiophen-2-
yl)-1,3,5-triazine cores and polyfluorene chain arms were
synthesized using Suzuki coupling reactions with a A2+ A2'+
B3” methodology and ratios of the monomers as P9.1a, M1:M2:
M3=10.5:9:1; P9.1b, M1: M2: M3=6.5:5:1; P9.1c, M1:M2:
M3=45:3:1 and P9.1d, M1:M2:M3=25:1:1, respectively
(Scheme 9, left). The photophysical properties of the polymers
could be correlated with the ratio of thienyltriazine unit. The
polymers with a low ratio of thienyltriazine, i.e., P9.1(a-c)
exhibited an absorption maximum around 385 nm localised in
the polyfluorene unit and another charge transfer band at
425 nm. This charge transfer band was enhanced for P9.1d due
to increased ratio of thienyltriazine. Emission spectra of the
polymers also showed two bands in the region 470-500 nm
and 410-440 nm attributed to charge transfer and polyfluorene
unit, respectively (Figure 7B). All the polymers exhibited TPA
activity in the range 600-900 nm. Increase in the ratio of
thienyltriazine unit enhances the conjugation length of the
polymer, thus making it more planar and rigid which in turn
enhances its TPA cross-section.®”

© 2023 The Authors. Published by Wiley-VCH GmbH

European Chemical
Societies Publishing



Chemistry
Europe

European Chemical
Societies Publishing

Review

ChemistryOpen doi.org/10.1002/0pen.202200203

Br,

N7
o CeHias Lot CeHiay CoH1a
ny C"B . a’\ + M gy ' Br + M NTSN
o 0 O)'\ /)\Lsf
M2 W
M1 3

S
\S
Br

N
L

P9.1a,M1:M2:M3=105:9:1
P9.1b,M1:M2:M3=65:5:1
P9.1c,M1:M2:M3=45:3:1
P9.1d,M1:M2:M3=25:1:1

Rz R Br
1
2 SN
CeHiag CoeHia CeHis CoHia Br N x/ Re
9 YA, T
Br Q O Br + o Q O By + NelN R
M1 2

Ri~As

Rz Br

Ry=CeHyy, Ry =H
P9.2a,M1:M2:M3=0:15:1
P9.2b,M1:M2:M3=1:25:1
P9.2¢c,M1:M2:M3=1:25:1
P9.2d,M1:M2:M3=2:35:1
P9.2e,M1:M2:M3=4:55:1
P9.2f, M1:M2:M3=5:65:1
P9.2g,M1:M2:M3=6:7.5:1
P9.2h,M1:M2:M3=10:11.5:1

Ry =H, R, =CgHy3
P9.3a,M1:M2:M3'=0:15:1
P9.3b,M1:M2:M3'=1:25:1
P9.3c,M1:M2:M3'=2:35:1
P9.3d,M1:M2:M3'=5:65:1
P9.3e,M1:M2:M3'=6:7.5:1
P9.3f, M1:M2:M3'=10:11.5:1

Scheme 9. 2,4,6-Tri(thiophen-2-yl)-1,3,5-triazine-based hyperbranched polymers synthesized by varying the monomer concentration.

A similar study in this regard was also reported by a
different group, this time by introducing solubilising group to
address the solubility issue of the polymers belonging to the
P9.1 series. Thus, a hexyl group was introduced into the thienyl
group and two series of polymers P9.2 and P9.3 were
synthesized by tuning the donor and acceptor ratios. In the
P9.2(a-h) series, the alkyl substitution on the thienyl unit is
closer to the triazine core and in P9.3(a-f), the same is closer to
the fluorene bridge (Scheme 9, right). The polymers displayed
much more enhanced solubility and higher number-average
molecular weight. Increasing the ratio of the triazine unit leads
to enhanced nonlinear absorption property but a decreased
quantum yield. The position of alkyl group also influenced the
TPA cross-section. Substitution at the p-position of the thienyl
group closer to the triazine unit favours nonlinear absorption in
the P9.2(a-h) series when compared to the P9.3(a-f) series.
This report showed a new dimension to influence the TPA
property of thienyltriazine-containing polymers.”®

3.3 Thienyltriazine-based porous systems

Porous organic polymers (POPs) are an emerging class of
materials that offer several advantages over their inorganic
counterparts such as high specific surface areas, low densities,
tuneable porosities, high chemical and thermal stabilities, easy
post-functionalization, variable compositions, extended conju-
gation etc. Besides that, heterocyclic systems are very com-
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monly employed in the synthesis of POPs and thus the high
content of atoms like nitrogen, sulfur, oxygen, and other non-
metallic atoms make them ideal candidates for various
applications. POPs are generally classified into four types:
Conjugated microporous or porous polymers (CMPs or CPPs),
hyper-crosslinked polymers (HCPs), covalent organic frame-
works (COFs) and covalent triazine frameworks (CTFs).®” Besides
that, POPs are becoming attractive candidates for applications
in diverse fields such as gas storage, photocatalysis, energy
storage, optical devices, biological applications, chemical sens-
ing, water treatment etc.""'%? The triazine system is one of the
most explored units in POPs, yet the number of publications
involving thienyltriazine as a combined system are still scarce
despite the potential advantages that it offers. In the following
sections, the applications of thienyltriazine-based porous poly-
mers are discussed from different perspectives.

3.3.1 Materials for gas storage

The presence of electron-rich aromatic rings and a large
heteroatom content can enhance the host-guest interaction of
CPPs and boost their overall performance in gas storage. The
thienyltriazine system not only contains the electron-rich
thiophene rings but also has a large heteroatom content. It has
been thus widely explored for the synthesis of porous materials
for gas storage applications.

© 2023 The Authors. Published by Wiley-VCH GmbH
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Kundu and co-workers reported the synthesis of hyper-
cross-linked microporous polymers PM10.1a, PM10.1b, and
PM10.1c (Scheme 10) by using thienyltriazine and thiophene
monomers in the ratio 1:1, 1:2, and 2:1, respectively, in the
presence of anhydrous FeCl; in chloroform under solvothermal
conditions at 150°C. PM10.1a, PM10.1b, and PM10.1c dis-
played a BET (Brunnauer, Emmett and Teller) surface area of
855, 425, and 566 m?’g~" and pore volume of 0.2968, 0.1920,
and 0.1618 ccg ™', respectively. These polymers had excellent
thermal stability and showed highly efficient Lewis-acidic CO,
adsorption attributed to the presence of electron-donating N
and S sites in the polymer backbone. A high CO, uptake in the
range 10.5-14.3 mmolg™" and 1.9-2.6 mmolg~' was observed at
273 K and 298 K, respectively. Despite the medium surface area
of PM10.1¢, it showed the highest CO, adsorption ascribed to
the highest N and S content present in the polymer. The
presence of the triazine ring imparts the polymers with high
Qst values but yet these were lower than the energy of
chemical bond formation. The calculated CO,/N, selectivities of
PM10.1a, PM10.1b, PM10.1c were 72:1, 70:1, and 23:1,
respectively, at 273 K'®

Wang and co-workers reported the Ni’-catalysed synthesis
of tubular porous organic polymer PM10.2 (Scheme 10) by

Three polymers synthesized using different ratio
of 2,4,6-tri(thiophen-2-yl)-1,3,5-triazine and
thiophene as shown below in bracket
PM10.1a, (1:1)

PM10.1b, (1:2)

PM10.1c, (2:1)

PM10.2 (tubes and spheres)

Scheme 10. 2,4,6-Tri(thiophen-2-yl)-1,3,5-triazine-based porous materials for
gas storage applications.

using a Yamamoto-type Ullmann coupling reaction."®™ This
reaction employs dimethylformamide (DMF) as solvent with
2,2"-bipyridyl as an acid receptor. It is proposed that nano-
crystals like quaternary ammonium salts can be formed in-situ
by the quaternisation of 2,2’-bipyridyl in presence of halogen
compounds. Hence, on using an equivalent amount of 1,2-
dibromomethane and [Ni(cod),] against 2,2"-bipyridyl, genera-
tion of tubular networks of PM10.2 was observed and 0D ball-
like structures were realised by adopting the same procedure in
absence of 1,2-dibromoethane (Figure 8A—F). The tubular CMPs
also exhibited very high pore volume of around 1.07 ccg™,
surface area of around 741 m?’g~' and high CO, adsorption
enthalpy of around 40.3 kJmol~'. The nanosphere CMPs had a
slightly higher CO, uptake compared to the tubular networks
which was attributed not only to the large pore volume but
also to the easy diffusion of CO, into the nanospheres. The
polymer networks also displayed an excellent CO, selectivity
over N, even at low loading of CO, making them ideal
candidates for CO, sequestration.

The influence of varying the linker between the thienyltria-
zine units on the electronic and gas adsorption properties was
studied by Kumar and co-workers by synthesis of four porous
polymers PM11.1 (obtained by an alkyne cyclotrimerization
reaction), PM11.2 (obtained by a Sonogashira coupling reac-
tion), PM11.3 (obtained by a Glaser coupling reaction) and
PM11.4 (obtained by a Stille coupling reaction)."® Varying the
spacer between the thienyltriazine units resulted in highly
efficient tuning of the properties. The BET surface area was
found to be 545, 511, 491 m?g~"', the pore size was found to be
3.6, 4.8, and 5.3 nm and the band gap values were found to be
243, 2,11, and 2.03eV, for PM11.1, PM11.2, and PM11.3,
respectively. The trend of the BET surface area and pore size
can be attributed to the increasing size of the linker whereas
the trend of band gap is in accordance with the extent of
conjugation. The pore size distribution indicates the dominance
of mesopores and macropores arising from interparticular voids
in the polymer frameworks. Polymer PM11.1 was earlier
reported by Wang and co-workers by direct-arylation

Figure 8. SEM image (A), TEM image (B) and HR-TEM image (C) of tubular PM10.2; and SEM image (D), TEM image®©), and HR-TEM image (F) of ball-like
PM10.2. Reproduced with permission from Ref. [104]. Copyright Royal Society of Chemistry, 2017. FE-SEM images of PM11.4 (i, ii), PM11.5 (iii, iv) and PM11.6
(v, vi), respectively, with different morphologies. Reproduced with permission from Ref. [106]. Copyright American Chemical Society, 2022.
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polymerization,'™ and changing the reaction condition as
detailed in the report by Kumar and co-workers led to a 2.5-fold
increase of the surface area. Besides that, a change in
morphology from fibrous to spherical particle type was also
observed. The high heteroatom content of the polymers led to
a high CO, adsorption reaching up to 11.4 wt% (2.6 mmolg™")
at 263 K under 100 kPa for PM11.1, attributed mainly to its
small pore size and strong adsorbate-adsorbent interactions.
Configurational bias Monte Carlo (CBMC) insights revealed
strong quadrupole-quadrupole and dipole-quadrupole interac-
tions between the CPPs and CO, and a highest binding energy
of 30.5 kJ mol™" was observed for PM11.1.

Another report that involved the precise skeleton engineer-
ing of the polymer backbone by varying the linkers was
reported by Das and co-workers. They synthesized three
polymers PM11.4, PM11.5 and PM11.6 by changing the cross-
linking agents from formaldehyde dimethyl acetal to 1,4-
bis(oromomethyl)-benzene (BMB) and 4,4'-bis(bromometh-
yl)biphenyl, respectively (Scheme 11). The precise tuning of the
skeleton resulted in nanorod, nanocoral and nanocloud mor-
phologies for PM11.4, PM11.5, and PM11.6, respectively [Fig-
ure 8(i-vi)l. The 2D nanocoral morphology of PM11.5 and 3D
nanocloud morphology of PM11.6 were attributed to the
absence of m-m stacking interaction between the polymer
backbones due to presence of electron-rich cross-linking units

and the 1D nanorod morphology of PM11.4 arose from m-1t
stacking interaction between the polymer backbones due to
the small size of the linker. PM11.4, PM11.5 and PM11.6
displayed high BET surface areas of 258, 368, and 974 m>’g™"
and high CO, uptakes of 33.04, 40.06, and 34.12cm’g™’,
respectively, at 273 K. Interestingly, PM11.5 bearing a BMB
linker had the highest CO, uptake both at 298 and 273K in
comparison with the other polymers. This was attributed to the
more polarized interaction of CO, with the thiophenyl and
benzyl rings compared to the N and S atoms in PM11.5 which
resulted in an enhanced CO, uptake capacity with respect to
the other polymers. Moreover, the E;4 for the CO, interactions
at the thiophenyl and benzyl rings were more negative for the
polymer PM11.5 (i.e, —19.5 and —18.2 kimol™', respectively)
than the ones for the PM11.6 structure (i.e, —19.1 and
—16.4 kJmol ', respectively).'

3.3.2 Materials for removal of metal-ions

Several techniques such as precipitation, membrane filtration,
ion-exchange, adsorption etc. are employed for the removal of
toxic metal ions from waste water."”"'"¥ Adsorption by porous
organic solids is turning out to be an economically viable and
efficient method in this direction. Functionalities that show

Scheme 11. 2,4,6-Tri(thiophen-2-yl)-1,3,5-triazine-based porous materials for gas storage applications.
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enhanced interaction with metal ions like heteroatoms, alkyne
functionalities etc. can be easily introduced and task-specific
materials with versatile applications can be designed.'"*'”
Thienyltriazine-containing porous materials have been explored
in this regard.

He and co-workers reported a task-specific porous polymer
PM12.1 obtained from a Friedel—Crafts reaction between
thienyltriazine and dimethylacetal (Scheme 12). This polymer
had a decent surface area of around 255 m*g ™" and pore size of
1 nm and 3 nm. Morphological analysis revealed hollow tubes
with 300 nm thickness of the wall and inner diameters of
400 nm. PM12.1 was very efficient in removing Cu>* ions from
aqueous solutions with a maximum adsorption capacity of
9833 mgg~' as determined by using the Langmuir model.
Experimental and theoretical insights revealed that the N and S
heteroatoms of PM12.1 can form coordination complexes with
Cu®" which supports the efficiency of PM12.1 in removing Cu**
from its aqueous solution (Figure 9A). Besides that, covalent
interactions like electron delocalization can also enhance the
Cu®* adsorption process. PM12.1 had a high adsorption
capacity for Cu*" ions compared to other dipositive ions like
Pb?*, Zn?*, Ni**, Co’" etc. Besides that, the polymer was easily
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recycled without any loss in its adsorption capacity. Computa-
tional insights revealed the binding energy of the PM12.1-Cu**
complex to be around —1229.64 kimol™', indicating the
presence of strong interactions (Figure 9B)."®

Another thienyltriazine- and benzthiadiazole-containing
polymer PM12.2 synthesized by a Suzuki coupling reaction was
used for the selective sensing of Fe** ions (Scheme 12).""¥ The
polymer exhibited a surface area of 185 m?g~', a pore size of
1.4 nm and a total pore volume of 0.54 cm®g™". Furthermore, it
exhibited excellent thermal stability at up to 600°C. The
polymer displayed fluorescence in DMF solution. The selective
sensing of PM12.2 towards Fe®' ions was confirmed by
fluorescence studies where it was observed that addition of
Fe** ions resulted in quenching of fluorescence and the
fluorescence could be recovered in a facile manner upon the
addition of tetrabutylammonium fluoride. Polymer PM12.2 can
selectively detect Fe** ions in presence of other metal ions like
Li*, Na®, Mg**, Ba**, AP*, Pb?", Cr*", Fe**, Co?*, Ni**, Cu**, Ag™,
Zn’*, Cd** (2.5x10*molL™") or other counter ions. Insights
into the photophysical property and XPS analysis revealed that
electron transfer from PM12.2 to the vacant d orbitals of Fe**
and interaction between Fe’" and nitrogen centre could the
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Scheme 12. 2,4,6-Tri(thiophen-2-yl)-1,3,5-triazine-based porous materials for removal of metal ions and (PM12.1 and PM12.2) and photovoltaic materials

(PM12.3, PM12.4 and PM12.5).
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Figure 9. (A) lllustration of chelating interactions between Cu®>" and triazine and thiophene groups in PM12.1. (B) Optimized geometries and the interactions
between PM12.1 and Cu?* using the DFT B3LYP method. Reproduced with permission from Ref. [118]. Copyright Elsevier, 2016.

cause of fluorescence quenching. The detection limit for Fe**
was found to be 0.78 um.

3.3.3 Materials for photovoltaic applications

The application of conventionally synthesized porous organic
materials as active materials in photovoltaic devices is very rare,
though electrochemically generated porous polymers are more
often explored in devices. Park and co-workers synthesized
covalent organic nanosheets (CONs) PM12.3a and PM12.3b by
a Stille coupling reaction using conventional reflux and
solvothermal conditions, respectively (Scheme 12). Morpholog-
ical insights revealed that PM12.3a had paper-like morphology,
as the conventional refluxing method leads to homogenous
diffusion of Pd° catalyst equivalently in 2-dimensional direction
whereas in PM12.3b, a dendronic morphology was observed
due to diffusion of the catalyst only by the convection flow of
the solution. Electrochemical insights revealed PM12.3a and
PM12.3b CONs to be potential candidates to be explored as
hole transport layers (HTLs). The films were cast from DMSO by
using both CONs with PEDOT:PSS (PEDOT: poly(3,4-ethylene-
dioxythiophene, PSS: poly(styrenesulfonate)). The rough mor-
phology of PM12.3b resulted in unfavourable hole transport

properties compared to PM12.3a. SEM, AFM and XRD analyses
revealed CON PM12.3a to be a better suited material and the
PCE of the optimised devices involving CON PM12.3a reached
around 10.2% which was around 4% higher than found for
devices involving PM12.3b (Figure 10A). For PM12.3a and
PM12.3b, V. values of 0.95 and 0.97 V were found and Jsc were
recorded to be 16.33 and 14.00 mAcm ™2, respectively.'*

Fu and co-workers synthesized a solution-processable COF-
like material PM12.4 by a Stille coupling reaction of alkyl chain-
substituted dibromo diketopyrrolopyrrole as the acceptor and
stannylated thienyltriazine as the donor counterpart
(Scheme 12).12" The presence of alkyl chains resulted in a very
low BET surface area of 5m”g™' for the polymer and a total
pore volume of 2.9 cm*mg™". Electrochemical insights revealed
the HOMO and LUMO of PM12.4 to be at —5.36 and —3.75 eV,
respectively. Also, thin films of the polymer exhibited high
crystallinity and efficient transport property making it an ideal
candidate to be explored in solar cells. The device architecture
of perovskite solar cells using PM12.4 film as the interlayer is
shown in Figure 10B. The optimized device with PM12.4 layer
showed a high Vo of 1.13V, a Jic of 2401 mAcm™ and a
notable FF of 80.8%, leading to a remarkable PCE of 21.92%,
which was among the highest efficiencies reported for
perovskite solar cells. The FTIR results successfully confirmed

(A)

Glass ITO CONs PEDOT:PSS Perovskite ~ PCiBM  TiO, Al electrodes

(B)

Figure 10. (A) Schematic of the device architecture of the planar-type MAPbI, perovskite solar cells (PSCs) involving porous materials PM12.1 and PM12.2.
Reproduced with permission from Ref. [120]. Copyright Royal Society of Chemistry, 2018. (B) Device structure of perovskite solar cells using PDPP,C20
(PM12.4) film as the interlayer. Reproduced with permission from Ref. [121]. Copyright Springer Nature, 2020.
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that the PM12.4 skeleton containing C=O groups could
passivate the surface of perovskite by playing the role of a
Lewis base. Thus, the high V. of devices involving PM12.4 was
believed to be a consequence of an effective hole extraction
and less non-radiative carrier recombination sites through
suppression of surface Pb defects. The soluble COF-like material
PM12.4 was also explored as donor material in bulk-hetero-
junction organic solar cells and an efficiency of 2.46% was
obtained in this case. This result showed a new group of soluble
COF-like materials to be explored in devices.

3.3.4 Materials for catalytic and energy storage applications

One of the most interesting and promising applications of POPs
that holds a huge potential for the future is in the direction of
catalysis and energy storage."*? Organic polymers can be built
by using task-specific building blocks which can lead to
tailoring of properties at will for superior catalytic materials.
POPs offer many possibilities to control the structure-activity
relationship and their remarkable chemical and thermal
stability, high surface area, insolubility etc. make them highly
ideal candidates for heterogeneous catalysis."*'* For hetero-
geneous photocatalytic materials, the performance can be
deteriorated due to recombination of photogenerated electron-
hole pairs and hence, for POPs, enhanced charge separation
and thermodynamically favourable band positions are of ut-
most importance. Combining donor-acceptor systems that lead

g*o—@—

P13.5a,c-H:c-Br=
P13.5b,c-H:c-Br=15

P13.6a,c-H:c-Br=1
P13.6b,c-H:c-Br=15

to effective intramolecular charge transfer is an efficient
strategy that addresses the aforementioned problem to a large
extent and thienyltriazine-containing polymers are appropriate
candidates for this purpose.

Huang and co-workers reported the synthesis of three
mesoporous CTFs, PM13.1, which is asymmetric and consists of
four different molecular donor-acceptor domains, and PM13.2
and PM13.3 which are symmetric CTFs (Scheme 13)."** These
polymers had excellent thermal stability up to 500°C and
showed a BET surface area of 52, 78, and 62 m*>g ™', respectively.
The polymers exhibited a broad adsorption profile extending
up to 800 nm and exhibited an optical band gap of 2.30, 2.48,
and 2.42 eV for PM13.1, PM13.2, and PM13.3, respectively. The
asymmetry in the CTF resulted in an enhanced photogenerated
charge separation, intramolecular electron transfer, and a
sufficient photoredox potential besides offering a superior
performance compared to the symmetric CTFs. The superiority
of the asymmetric CTF over the symmetric CTFs containing
similar donor and acceptor moieties was proven by the photo-
catalytic formation reaction of benzophosphole oxides from
diphenylphosphine oxide and diphenylacetylene derivatives in
31-95% vyield [Figure 11(l)]. CV measurements revealed the
LUMO to be at —1.30V, —1.02V and —1.24V and the HOMOs
to beat +1.0V, +1.46V and +1.18 V for PM13.1, PM13.2, and
PM13.3, respectively, making them ideal candidates for photo-
catalytic reactions.

Bohra and co-workers synthesized a series of CPPs (PM13.4-
PM13.7, Scheme 13) by direct arylation polymerization of

PM13.4a,c-H:c-Br=1
PM13.4b.c-H:c-Br=15

2 _f
gw
g

P13.7a,cH:c-Br=
P13.7b,c-H:c-Br=15

Scheme 13. 2,4,6-Tri(thiophen-2-yl)-1,3,5-triazine-based porous materials for catalytic applications.
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Figure 11. Reactions catalysed by 2,4,6-tri(thiophen-2-yl)-1,3,5-triazine based porous materials.

thienyltriazine with tri- and tetra-brominated aryls using two
C—H:C—Br ratios - 1:1 and 1.5:1 with the aim to study the
effect of the different geometries and electronic structures of
aryl bromides and the effect of varying the molar ratio of a
given aryl bromide on the properties of the resultant
polymers."? The polymers displayed an excellent thermal
stability by retaining 50 % of their mass at temperatures as high
as 700°C. Photophysical insights revealed that the rational
choice of monomers can be used to tune the optical band gap
of the polymers and the band gap of the polymers followed the
order PM13.4>PM13.5 >PM13.6 >PM13.7, consistent with the
increasing strength of the electron-donating groups of the
comonomers. The choice and molar ratio of the comonomer
had a profound effect on the morphology of the polymer. The
morphology varied from fibre bundles to featureless aggregates
and PM13.5b exhibited a morphology that evolved from non-
uniform fibrillar structures to well defined bundled nano-fibres
over the course of the reaction. Interestingly, increasing the
molar ratio of C—H:C—Br from 1:1 to 1.5:1 leads to an increase
in surface area in PM13.4 and PM13.7-type polymers, but not
for PM13.5 and PM13.6 and in these cases, no reliable
comparison of pore sizes was obtained. The authors believed
that DAP reaction conditions led to formation of an inter-
penetrated polymer network which inhibited the accessibility of
the microporous structures to sorbents such as N, gas. Selective
oxidation of benzylamine to N-benzyl-1-phenylmethanamine
was used as a model reaction to demonstrate the photo-
catalytic activity of triazine-core CPPs involving a catalyst
loading of 6 mgmol ™' [Figure 11(Il)]. The superior performances
of PM13.7a and PM13.7b were attributed to the higher
content of pyridinic nitrogen in the polymer structure, arising

ChemistryOpen 2023, 12, e202200203 (21 of 32)

from the triazine rings in the monomers, whereas the low
activity of PM13.5a and PM13.5b was due to their higher
HOMO level (lower oxidation potential) with respect to benzyl-
amine which inhibited the oxidation reaction.

Kundu and co-workers reported the synthesis of a POP,
PM14.1 by using the Friedel—Crafts reaction of 2,4,6-
tri(thiophen-2-yl)-1,3,5-triazine and formaldehyde dimethyl
acetal in the presence of anhydrous FeCl;, and further treating
the polymer with Cu(oAc),-H,0 to prepare the potential catalyst
PM14.1b (Scheme 14). Morphological insights revealed the
width of the fibres of PM14.1a and PM14.1b to be in the range
of 20-35 nm and 20-30 nm, respectively. The BET surface areas
of PM14.1a and PM14.1b were 466 and 395 m’g~", respec-
tively, with a super-microporous character characterised by
pore sizes of 1.55 nm and 1.50 nm, respectively. ICP-MS analysis
revealed the catalyst loading to be around 2.76 wt% and XPS
analysis revealed N and S to be the sites for co-ordination with
Cu" ions. This catalyst was explored for different C—C and C-N
coupling and cyclization reactions. The polymer catalyst
PM14.1b was successfully used for a wide variety of organic
catalytic transformations under mild conditions to directly
afford valuable diindolylmethanes and spiro-analogues (in
yields >80%), phthalimidines (in yields >80%), propargyl
amines (in yields >85%), and their sugar-based chiral com-
pounds with high yields using readily available substrates
(Figure 11(lll)). The catalyst was also easily recycled keeping its
chemical stability intact and revealed almost same loading of
2.73 wt% even after the 6™ catalytic cycle.'””

Wang and co-workers synthesized polymers PM14.2 and
PM14.3 using phenyltriazine and thienyltriazine with
dibenzol[b,d]thiophene sulfone (DBTSO) by using a Suzuki

© 2023 The Authors. Published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Review
doi.org/10.1002/0pen.202200203

ChemistryOpen

OMe

@
~ S -
N
@)\ )\ _ S
MeO- S A NZ |N
Me(}“ 87_5 \\ SN
)N\Qﬁ

PM14.1a

/,
&
O

o)

PM14.2

Scheme 14. 2,4,6-Tri(thiophen-2-yl)-1,3,5-triazine based porous materials for catalytic applications.

coupling reaction (Scheme 14).® DBTSO is a strongly electron-
withdrawing, planar moiety and because of its hydrophilicity is
believed to be an interesting candidate for designing materials
with superior hydrogen evolution reaction (HER) activity. The
BET surface area of the polymers was found to be 222 m?’g™
and 48m?’g~' for PM14.2 and PM14.3, respectively. The
electron-rich nature of the thiophene unit led to a red-shifted
absorption of PM14.3 compared to PM14.2. Both CPPs could
efficiently separate and transport photogenerated electrons
and showed remarkable solar photocatalytic hydrogen evolu-
tion ability. PM14.2 exhibited a HER activity of
16287 umolg™"h™' with a quantum yield of 61.5% at 365 nm
on irradiation with a 300 W Xe lamp. Under visible light
irradiation, a moderate HER activity of 3502 pmolg™'h™' was
found. PM14.3 exhibited a HER activity of 79 umolh™
(8776 umolg™"'h™") under full-spectrum solar irradiation, and a
HER activity of 40 umolh™ (4432 umolg™'h™") under visible
light irradiation. The lower HER activity of PM14.3 was
attributed to its low surface area and the authors envisioned
that enhancing the surface area will directly lead to an
enhancement of its activity.

Lan and co-workers synthesized a heterojunction photo-
catalyst, PM14.4, by insitu growth of boron nitride (BN) on
donor-acceptor type thienyltriazine-based porous polymer
(Scheme 14). Four samples with different loading of boron
nitride were synthesized (32 mg, 54 mg, 108 mg, and 214 mg).
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XPS analysis revealed that B atoms of boron nitride and N
atoms of the porous polymer interacted with each other. This
polymer with a cotton-like microspherical morphology dis-
played very low surface area due to more crosslinked structure
caused by boron nitride which resulted in aggregation into a
larger network and a resulting shrinking of pores and, secondly,
boron nitride probably filled and blocked the pores. Detailed
studies were performed using the polymer with the 54 mg
loading of boron nitride. Incorporation of BN into the polymer
framework improved the light-harvesting property of the
polymer besides narrowing its band gap. As negatively charged
BN can attract photogenerated holes from the surface of the
polymers, the separation efficiency and interfacial transfer rate
of photogenerated charge carriers of the porous polymer were
significantly improved. A Vvisible-light illuminated superior
photocatalytic activity for the metal-free selective oxidation of
sulfides was obtained for PM14.4 [Figure 11(IV)]. Mechanistic
studies revealed that the photogenerated electrons reduced O,
to "0, radicals and further triggered this oxidation process.'*

Du and co-workers designed and synthesized four triazine-
functionalized silsesquioxane-based hybrid porous polymers
(PM15.1, PM15.2, PM15.3 and PM15.4) by a Heck reaction of
octavinylsilsesquioxane (OVS) with brominated phenyl- or
thiophene-substituted triazine monomers using NaHCO; as
base (Scheme 15)."*” These hybrid polymers exhibited high
specific surface areas of 555, 366, 390 and 364 m*g~' for

© 2023 The Authors. Published by Wiley-VCH GmbH



Chemistry

Review Europe
. . European Chemical
ChemistryOpen doi.org/10.1002/0pen.202200203 Socicties Publishing
Octavinylsilsesquioxane = OVS
=s ——O0——Si ~  Br Br
/ /
vy Qﬁ Heck Resct
Si—| O—Si eck Reaction
o NL * NN e e > PM15.1
- 0 T =
O Si—O-|—S=Si
I o
Si/—O—Si/
=/ \—
ovs Br Br
= =
=s—o—si 2 $N
O/ O/ B S N\ = Heck R i
= ./ | | _HeckReacton  _  pm15.2
Si O—Si 1) + NN
| ¢ IN—L
i~ l o | /— z
0 si—O0|—si 7
l° of
Si/—O—Si/ Br
= \—
ovs
= =
ﬂ/Si——O—/& Br- Br Br B Br Br
=~ A~ | N ar— | N N S\\ B S\\ i
_Si——oO—Si X . s . S s .\ (s . S |N\ Heck Reaction PM15.3
| I é NN NN N__-N NN
Z 5 ~si—ol—si
| o s s s
sl o—s’ = =
=/ \— Br Br
ovs Br Br
A mixture of four triazine compounds prepared from 4-bromobenzonitrile and 5-bromothiophene-2-carbonitrile in a ratio of 2:1
= =
=7 /Ol N s— 1 D 5 N _
=sf—lo—s{ b s STNS AyS 5NNy HeckReacton - PM15.4
+ +
| (1) (|3\_' + NN + NN NN NN
o ~s—ol—&""
i——0O-[—Si
| o | d s s
s—o—sl’ = =
54 \— Br Br
ovs Br Br

A mixture of four triazine compounds prepared from 4-bromobenzonitrile and 5-bromothiophene-2-carbonitrile in a ratio of 1:2

Scheme 15. 2,4,6-Tri(thiophen-2-yl)-1,3,5-triazine-based porous materials for catalytic applications.

PM15.1, PM15.2, PM15.3, and PM15.4, respectively, and pore
volumes 0.55, 0.34, 044, and 0.40cm’g~'. The enhanced
porosity of these materials was attributed to the highly rigid
structures of the conjugated aromatic networks and cage
silsesquioxanes which prohibited space-efficient packing in
solid state. The CO, generated in situ during the Heck reaction
also increased the porosity. From TGA, three decomposition
stages were observed for the polymers, the first at around
300°C due to loss of moisture, the second around 400 °C due to
decomposition of organic functional groups and the third
between 600 to 800°C due to the rupture of the siloxane
frameworks. PM15.1 and PM15.2 had narrow band gaps of
1.7eV and 1.5eV, respectively. The materials showed high
photocatalytic activity for the degradation of both acidic and
basic dyes (Safranine T, Congo red, rhodamine B and methylene
blue) without the requirement of an additional oxidizing agent
or any pH adjustment. On exposure to normal light and keeping
the concentration of the polymer as low as 0.2 mgmL™', dyes
with a concentration of up to 1000 ppm can be completely
decolorized. The polymer also showed a good recyclability. The
valence band potentials of PM15.1 and PM15.2 were found to
be lower than the oxidation potential of OH/*OH (4 2.40 eV)
and their conduction band potential was more negative than
the reduction potential of 0,/*0O,” (—0.046 eV). This made it
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evident that the photogenerated electrons of the porous
systems can generate *O, which triggered the degradation
process of the dyes (Figure 12A).

Chen and co-workers reported the design and synthesis of
thienyltriazine-containing CMPs with different benzene deriva-
tives, that is, benzothiadiazole, benzene and dimethoxybenzene
as linkers, to give PM12.2, PM11.1 and PM16.1 by a direct
arylation reaction. While PM11.1 presented a 1D nanofiber
morphology, the other two polymers had nonuniform bulk
particle morphology probably arising from the negative effect
of side groups in benzothiadiazole and dimethoxybenzene on
n-;t stacking interaction which made PM11.1 to grow faster
along the Z direction. The three polymers had decent surface
areas of 6, 307 and 39 m?’g™' and optical bandgaps of 2.01,
2.50, and 2.33 eV, respectively. These polymers were explored
for photocatalytic conversion of biomass-derived chemicals
which involved photocatalytic hydrogenation of maleic acid to
succinic acid and oxidation of 5-hydroxymethylfurfural to 2,5-
diformylfuran [Figure 11(V)]. The highest photocatalytic activity
was observed for PM11.1 with production rates of
4.66 mmolg~'h™" for succinic acid and 0.53 mmolg'h™' for
2,5-diformylfuran. The enhanced photocatalytic activity of
PM11.1 was attributed to the favourable surface properties and
charge separation. Interestingly, the same photocatalytic activ-
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Figure 12. (A) Schematic illustration of the photocatalytic mechanism of dye
degradation by PM15.1 and PM15.2. Reproduced with permission from

Ref. [130] Copyright John Wiley and Sons, 2021. (B) Photocatalytic mecha-
nism of PM16.2. Reproduced from Ref. [132]. Copyright with the authors of
Ref. [132], 2022. (C) Energy diagram and photocatalytic hydrogen evolution
mechanism of PM14.2 and PM14.3. Reproduced from Ref. [133]. Copyright
with the authors of Ref. [133], 2022

ity was also obtained on irradiation with natural sunlight. The
polymers retained their capacity for photocatalytic reaction up
to 85% even after five cycles."*"

The effect of cross-linker on the photocatalytic activity was
studied by Han and co-workers through the synthesis of three
CMPs (PM16.2, PM16.3, and PM16.4, Scheme 16) based on
thiophenes and triazine by conventional Stille coupling
reactions."*? The BET surface areas of the three polymers were
found to be 138.4, 62.1, 58.8 m*g ', respectively, and the optical
band gaps were found to be 2.06 eV for PM16.2 and 1.90 eV for
PM16.3 and PM16.4, respectively, which could be correlated to
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the cross-linker length. PM16.2 showed a higher photocurrent
than PM16.4 because of the large specific surface area and
small interface charge transfer resistance of PM16.2. Electro-
chemical studies revealed that all the three polymers were ideal
candidates to carry out the water splitting reaction. The
polymer with the short cross-linker exhibited the best photo-
catalytic activity. The activities were found to be
5561.87 mmolg 'h™', 1840.86 mmolg'h™', and
1600.48 mmolg'h™' for PM16.2, PM16.3, and PM16.4, respec-
tively. In fact, PM16.2 exhibited a better hydrogen evolution
rate than most of the reported triazine-containing polymers.
Mechanistic studies revealed that absorption of photons leads
to generation of excitons which are transferred to the
conduction and valence bands of PM16.2. The heterojunction
between PM16.2 and the Pt co-catalyst assisted in splitting the
exciton into free charges, thereby further leading to transfer of
free electrons to the Pt co-catalyst. These electrons than reacted
with H* to evolve H, directly (Figure 12B).

Polymers PM14.2 and PM14.3 were also separately reported
by Sheng and co-workers and explored as photocatalyst for
HER. Unlike the previous synthesis reported by Wang and co-
workers,* the surface area was smaller in this case with only
5477 and 22.92 m*g~' observed for PM14.2 and PM14.3. The
HER photocatalytic activity of PM14.2 was greater than that of
PM143 and the wvalues were found to be
9,698.5 umolg™'h'and 4,727.1 umolg™'h™", respectively. The
higher activity of PM14.2 was attributed to the higher dipoles
of PM14.2 compared to PM14.3, causing a high charge mobility
in the former. This leads to a lower recombination rate of
electron/hole carriers and higher separation and migration rates
for the photogenerated charge carriers. The mechanism of
photocatalytic H, production is shown in Figure 12C["*¥

A polymer with backbone same as PM13.2 (Scheme 13) was
also synthesized by Xiang and group, employing a nickel-
catalysed Yamamoto coupling reaction, and post-synthetic
carbonization led to the formation of well-controlled N-doped
holey graphitic carbon materials. The carbonized material was
explored as a metal-free electrocatalyst for the oxygen reduc-
tion reaction (ORR) in fuel cells. This report opened new
dimensions in the synthesis of N-doped graphitic structure with
precise location control which cannot be obtained with conven-
tional N-doping techniques."*”

The highly m-conjugated skeleton, exposed surface area
that offers active sites, excellent chemical and thermal stability,
structural diversity and designability and low solubility in
conventional organic solvents, porous structure to accommo-
date volume change during charge/discharge process etc. are
some of the major factors that make conjugated porous
polymers excellent candidate for energy storage applications.
This application of thienyltriazine-containing porous materials is
one of the most widely explored in current times indicating the
huge underlying current potential of such systems.*

Bhosale and co-workers reported the synthesis of micro-
porous polymer PM17.1 through a Sonogashira coupling
reaction between thienyltriazine and 1,3,5-triethynylbenzene,
resulting in a pore of size 1.3 nm and a BET surface area of
544 m*g~" (Scheme 17). This polymer was then carbonized at
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Scheme 17. 2,4,6-Tri(thiophen-2-yl)-1,3,5-triazine-based porous materials for energy storage application.

three temperatures (700, 800 and 900°C) in an inert atmos-
phere to give PM17.1@700, PM17.1@800, and PM17.1@900
with enhanced surface areas of 694, 700, and 624 m?’g,
respectively, compared to the parent polymer. PM17.1@900
exhibited a capacitance of 211 Fg™' and the higher storage
capacity was due to the increased contribution of graphene.
The use of these materials as electrocatalysts to reduce oxygen
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was also explored and it is the nitrogen- and sulfur-modulated
spin density charge distribution of carbon lattices that enhance
the activity of the materials. The number of electrons trans-
ferred was found to be in the range 3.3-3.5, which is
comparable to that of the theoretical number of electrons
transferred (4 e7). In the case of PM17.1@800, the maximum
number of electrons was transferred. The number of electrons
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transferred was lowest for PM17.1@900 at 3.2, probably due to
removal of sulphur and nitrogen during the graphitization
process at 900 °C.1"*®

The effect of reaction conditions on the designed materials
as well as the influence on their energy storage capacity was
studied by Kim and co-workers by the synthesis of CONs
PM12.3a and PM12.3b (Scheme 12) by conventional reflux and
solvothermal reaction conditions, respectively. The BET surface
area of these CONs was determined to be 200 and 300 m?’g™’
for PM12.3a and PM12.3b, respectively. The electrode con-
structed using PM12.3 b showed a reversible discharge capacity
of ~250mAhg™' after 30cycles at a current density of
100 mAg™". It also exhibited the best cycling performance and
rate capability which was due to its large specific surface area,
mass diffusivity and charge-carrier conductivity. The charge
storage in PM12.3a and PM12.3b was largely governed by the
diffusion-controlled mechanism. The authors further extended
this study by the synthesis of donor-acceptor type CONs
PM17.3a and PM17.3b by incorporating benzothiadiazole
along with thienyltriazine (Scheme 17). The former was pre-
pared by reflux conditions and the later by solvothermal
conditions. These D/A CONs had band gaps of 1.91 and 1.91 eV
and BET surface areas of 160 and 89 m?g~", respectively. The
predicted pore size of materials PM17.3a and PM17.3b was
4.1 nm. Pore size distributions calculated by the Barrett, Joyner
and Halenda (BJH) method revealed that the CONs possessed
irregular pores. The solvothermally prepared CON had larger
pores compared to the CON prepared under reflux conditions.
The previous set of CONs had increased inter-sheet repulsion
due to the delocalization of larger negative charges which
meant that the D/A CONs were comparatively more exfoliated.
The solvothermally prepared D/A CON was used to prepare an
electrode which exhibited a highly enhanced reversible dis-
charge capacity (~450 mAhg™") after 30 cycles at a scan rate of
100 mAg~". Morphological analysis revealed that floppy and
turbostratic assemblies with surface charge induced as a result
of incorporation of benzothiadiazole showed better correlation
and enhanced correlation with ion mobility.!*"'3

Liu and co-workers developed a novel sulfur-rich triazine-
trithiophene-triacetylenic benzene-conjugated porous polymer
cathode material (PM17.2) by a covalent linkage between a
conjugated porous polymer (PM17.1) and sulfur using a radical
copolymerization approach (Scheme 17). For 0.2g of the
polymer, around 0.8 g of sulphur were used. The successful
incorporation of sulfur at the desired position was confirmed by
XPS analysis. TGA analysis revealed a continuous weight loss of
the polymer PM17.2 in the temperature range of 190 to 300 °C
attributed to the sublimation of sulfur which covalently
connects with PM17.1, and the sulfur content was found to be
around 80 %. Electrochemical studies revealed that the cathodic
and anodic peaks had a small gap which confirmed the
reversibility of PM17.2. An outstanding C-rate capacity at a
current rate of 5C (discharge capacity of 756 mAhg™") was
observed for the cathode material based on PM17.2. Even after
650 cycles, a discharge capacity of 440 mAhg™" with a small
decay of 0.055% per cycle was obtained. Furthermore, the
Coulombic efficiency of the cell was retained at up to 99.6%
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after 400 cycles at 0.5 C. The excellent performance of the
sulfur-enriched polymer was ascribed to the prevention of
property deterioration due to volume change and also to the
effect of an overall conjugated system.*”

The use of polymer PM12.2, synthesized by Suzuki coupling
reaction, in Li* ion storage was explored by Ren and co-
workers. The polymer had a specific BET surface area of
100 m?g~" based on the nitrogen adsorption branch while the
same based on carbon dioxide was around 406 m*g~". Based
on the above information, the authors envisioned that the
ultramicroporous nature of PM12.2 would make it an ideal
candidate for Li* transport and storage. Besides the richly
porous character, the polymer possessed a large number of
redox-active units and hence the polymer-derivded anode
delivered a high Li* storage capacity of up to 1599 mAhg' at
a current rate of 50 Ag™' with an excellent rate behaviour
(363mAhg™" at 5Ag™") and a long-term cyclability of
326 mAhg™' over 1500 cycles at 5 Ag~". Figure 13(A, B) shows
the energy levels and simulated LUMO and HOMO diagrams for
PM12.2 and the schematic diagram of the proposed Li-storage
mechanism for the building blocks. The repeating unit of
PM12.2 can accept 27 electrons in total, out of which 12
electrons are transferred into the 1,5-benzothiadiazole unit and
15 electrons are transferred into the thienyltriazine unit. The
value calculated using the discharge capacity turned out to be
26.7 which is very close to the theoretically calculated value.*”

PM12.2. (B) Schematic diagram of the proposed Li-storage
mechanism for the building blocks and®©) the segment of the
polymer chain for PM12.2. Reproduced with permission from
Ref. [140]. Copyright John Wiley and Sons, 2020.
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Zhang and co-workers prepared thin layers of covalent
triazine frameworks (structure similar to PM13.2 but synthe-
sized via electropolymerization, named as CTF-BTh) containing
a bithiophene moiety onto the surfaces of a Cu,0 photo-
cathode and a Mo-doped BiVO, photoanode via electropolyme-
rization. Resulting in the generation of hybrid photoelectrodes,
this became the first known heterojunction with both photo-
cathodes and photoanodes. Photophysical insights revealed the
strong absorption of the polymer up to 550 nm giving it an
optical band gap of 2.34 eV as obtained from the Tauc plot. The
band structure of CTF-BTh was advantageous to form band
edge alignment with each metal oxide leading to a p-n
junction and a staggered type-Il heterojunction with Cu,0O and
Mo-doped BiVO,, respectively (Figure 14). The CTF-BTh layer
was also used as an anti-photocorrosion layer for both photo-
electrodes and enabled the long-term operation for 150 h with
only an approximate 10% loss in photocurrent densities."*"

Kochergin and co-workers made use of wet chemistry to
fabricate polymeric materials on a copper plate that played the
role of both surface template and a catalyst. The precursor used
was 2,4,6-tris(5-ethynylthiophen-2-yl)-1,3,5-triazine (3.7) and the
polymer growth was possible via two pathways: (1) Glaser-type
polycondensation of terminal alkynes; (2) [2+2+2] cyclo-
trimerization of carbon-carbon triple bonds (Figure 15).This
meant that the backbones of these polymers, termed as
Tz—Th@Cu, were similar to PM11.1 and PM11.3. Tz—Th@Cu

showed a moderate BET specific surface area of 42m?’g™’, a

mesoporous structure with pore sizes in the range of 5 to
25 nm and a narrow band gap of 1.42 eV. However, the [2+2+
2] cycloaddition product was expected to have higher energy
gaps and the observed band gap related logically with the
Glaser-coupled product. This did not rule out the existence of
the [2+2+2] product as the narrow band gap of Tz—Th@Cu
could be consequence of its D—A composition. The combination
of tectons with different electron affinity resulted in a material
with a lower band gap, showing an anodic photocurrent
density of 6.8 mAcm™ (at 0.6 V vs. Ag/AgCl, pH 7). This value
was twice as high when compared to the polymer analogue
synthesized by conventional bulk route. On simulated sunlight
irradiation, a twofold increase in the photoelectrocatalytic
oxygen evolution from water was observed for the prepared
electrode with a photocurrent density of up to 4.8 mAcm? (at
1.0 V vs. Ag/AgCl, pH 14).1"*?

Xue and co-workers studied the effect of linkers of varied
length consisting of thiophene units on the capacities of
resulting polymers."™ The synthesized polymers involved
thienyltriazine and different thiophene derivatives including
thiophene (Th), thieno[3,2-blthiophene (TT), dithieno[3,2-b:2',3'-
dlthiophene (DTT) or thieno[”,3":4,5]thieno[3,2-b]thieno([2,3-
dlthiophene (TTTT) to give polymers PM16.2, PM12.3a,
PM18.1, and PM18.2, respectively (Schemes 12, 16, and 18). The
increase in the size of the linker led to a decrease in the band
gap (1.92 eV, 1.83 eV, 1.65 eV and 1.59 eV, respectively) due to
higher planarity and an increased conjugation length. The
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has a framework like PM11.3 and the [2+ 2+ 2] cycloaddition product has a
framework like PM11.1). Reproduced from Ref. [142]. Copyright is with the
authors of Ref. [142], 2021.

composite materials (polymer@C) between polymers and Vul-
can XC-72 carbon were prepared by in situ polymerization to
test their electrochemical performances in lithium-ion batteries.
Morphological studies revealed the presence of cross-linked
structures in PM18.1@C and PM18.2@C which were prepared
from polymers consisting of longer linkers. A longer linker
length was associated with a more relaxed intramolecular strain
which adorned the materials with a homogeneous morphology.

PM18.1

PM18.2

The net-like structures of PM18.1@C and PM18.2@C proved
beneficial to promote ion transport and provided more sites for
electrochemical reaction. This was attributed to the penetration
of the electrolyte into the net-like structure of the materials.
The BET surface areas of the carbonized materials were 79.21,
96.50, 114.46, 120.33 m*g~', respectively, and the pore sizes
were 21.6, 1841, 17.59, 193 nm, respectively. The specific
capacities of the composites were found to be 495 mAhg™,
671 mAhg™', 707 mAhg™', and 772 mAhg™' for PM16.2@C,
PM12.3a@C, PM18.1@C and PM18.2@C at a current density of
100 mA g™, respectively.

Chen and co-workers synthesized a triazine-based covalent
organic framework, P18.3 (Scheme 18), by incorporating 3,4-
ethylenedioxythiophene (EDOT) as the bridging unit using a
Stille coupling reaction in presence of carbon powder. The
carbon powder served the purpose of preventing the low
intrinsic conductivity of the polymer and led to the insitu
formation of polymer composite PM18.3@C. The composite
had a narrow band gap of 1.84 eV and morphological analyses
revealed that small particles agglomerated together to form a
porous structure which proved beneficial for use in lithium ion
batteries. Electrochemical studies also revealed the favourable
redox potential of the composite (1.0 V vs. Li/Li*), making it a
perfect candidate to be explored as anode material in lithium
ion batteries. The composite exhibited a stable specific capacity
of 645 mAhg™" at 100 mAg™" and 435 mAhg™' at 500 mAg™’,
respectively. These values were significantly higher than those
of pure carbon materials."*¥

Chai and co-workers worked on improving the interfacial
microenvironment between the hematite photoanode and
cocatalyst to achieve efficient photoelectrochemical water
oxidation. a-Fe,0; and Gd-Fe,0; photoanodes were prepared
by using hydrothermal and annealing methods. 2,4,6-
tri(thiophen-2-yl)-1,3,5-triazine was coated on a Gd-Fe,O; sur-
face by in situ electropolymerization in acetonitrile solution to
give a CTF-BTh/Gd-Fe,0O; photoanode (CTF-BTh refers to
polymers of thienyltriazine). The Co-Sil/Gd-Fe,O; photoanode
was prepared by photoassisted electrophoretic deposition
(PEPD) in a Co-Sil colloidal solution using a three-electrode

PM18.3

Scheme 18. 2,4,6-Tri(thiophen-2-yl)-1,3,5-triazine-based porous materials for energy storage applications.
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system. The Co-Sil/CTF-BTh/Gd-Fe,O; photoanode was then
prepared by sequentially conformally coating the Gd-Fe,O;
surface with CTF-BTh and Co-Sil films (Figure 16).

The Co-Sil/CTF-BTh/Gd-Fe,O; photoanode showed an ex-
cellent photocurrent density (2.74 mAcm™ at 1.23 Vg, [voltage
reported against the reversible hydrogen electrode]) and a low
onset potential (~630 mVgye). The modulation effect of CTF-BTh
was responsible for improved charge separation and transfer
efficiency and allowed the utilization of incident light for a-
Fe,0;-based photoanodes."*

The literature results discussed above involving diverse
emerging applications of thienyltriazine containing materials
can lead to plethora of new materials and applications if more
efforts are directed in this direction. Thienyltriazine based
materials can be of special significance for adopting greener
route towards energy storage materials.

4. Conclusion and Outlook

In this review, we have summarized and discussed the advances
made in the field of 2,4,6-tri(thiophen-2-yl)-1,3,5-triazine
chemistry. This heteroatom-rich C;;,-symmetric system consists
of a donor-acceptor part, thus making it an interesting
candidate in the larger domain of materials chemistry. Its
straightforward synthesis involves the cyclotrimerization reac-
tion of 2-cyanothiophene and the tribromo derivative of
thienyltriazine is the key intermediate for the synthesis of a
wide array of materials. Although triazine and thiophene have
previously been explored in diverse fields of materials
chemistry, the advances in the chemistry of thienyltriazine
system have significantly geared up in the last two decades.
The last decade has witnessed improved syntheses as well
interesting applications of thienyltriazine-based star molecules
and porous materials. Thienyltriazine, as a single unit, offers
several advantages such as the inherent donor-acceptor nature,

the high heteroatom content, enhanced supramolecular and -
7t interactions with the added benefit of its C;-symmetry and
coplanarity which lead to substantial electronic communication.
All these factors make it an ideal candidate to be explored in
diverse arenas of organic electronics and porous material
chemistry. In fact, researchers across the globe have realized its
potential, which has led to new applications of this system in
porous materials. The applications of thienyltriazine in the field
of catalysis and energy storage are also worth mentioning.
Triazine-ring-assisted supramolecular interactions as well as
coplanarity-assisted - interactions lead to porous materials
with unique and controllable morphology to be synthesized
easily and hence allow for their applications in fields like gas
storage, photovoltaic materials, catalysis and energy storage.
However, to achieve the best performance of thienyltria-
zine-based star systems and porous materials, some challenges
need to be addressed, opening up future directions of research
in this field. Some of these challenges and future opportunities
include: 1) The triazine-ring-assisted supramolecular interaction,
coplanarity-assisted -t interactions and donor-acceptor nature
make the thienyltriazine system an ideal candidate to be further
explored for devising ambipolar liquid crystalline materials and
ambipolar materials for devices. 2) Exploring environment
friendly and cheap reaction pathways for the synthesis of
already existing and new systems is the call of the hour. This
means to avoid the use of hazardous coupling catalysts which
are detrimental to the performance of porous materials in
different applications. 3) The non-wettability of porous materials
limits their applications and hence strategies to introduce
groups that improve the wettability without sacrificing the
performance need to be explored. 4) The morphology of porous
materials can have a pronounced effect on their gas storage
capacity, catalytic activity and energy storage performance.
Hence, more efforts are to be focussed on morphology-
controlled synthesis of porous materials besides employing
template-assisted synthesis. 5) There are several reports that
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Figure 16. (A) Schematic representation for the preparation of a-Fe,0, and Gd-Fe,0, photoanodes. (B) Schematic representation for the preparation of the
CTF-BTh/Gd-Fe,0; photoanode. (C) Schematic representation for the preparation of the Co-Sil/Gd-Fe,0; photoanode. (D) Schematic representation for the
preparation of the Co-Sil/CTF-BTh/Gd- Fe,0; photoanode. Reproduced with permission from Ref. [145]. Copyright American Chemical Society, 2022.
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prove that the structure of thienyltriazine-based materials has
pronounced effects on the performance of the resulting
materials. A deeper investigation in this regard like the
influence of varied linkers, reaction conditions, monomer ratio,
morphology etc. is needed to get detailed insights into the
intrinsic relationship of structure, property and performance. 6)
Last but not least, incorporation of redox-active moieties,
improving the molecular conjugation, high surface area and
optimized pore size, formation of oriented films on templates
etc. are some challenges that need to be addressed and
focussed on for improved performance of thienyltriazine-based
energy storage materials.

This review will be of great assistance to materials chemists
to design a wide range of thienyltriazine-based systems for
advanced applications. Thienyltriazine-based compounds are a
promising class of materials that will remain at the forefront of
materials chemistry alongside other types of materials and will
undoubtedly lead to further landmarks. Further, we hope that
this review will act as a catalyst for further exploration of
thienyltriazine chemistry and open doors in new directions.
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