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(bis-)1,5-Disubstituted-1H-tetrazole-Decorated Monomers
and Their Respective Polymers via Thiol-ene Polymerization

Meryem S. Akdemir, Marina Simian, Patrick Theato,* and Hatice Mutlu*

Over the years, nitrogen-rich functional groups like tetrazole and its
derivatives have received increasing interest in the chemistry of small
molecules. There is a continuously growing interest in polymers decorated
with nitrogen for potential biomedical applications because of their broad
range of biological properties, such as being antibacterial, anticarcinogenic,
and anti-inflammatory. On this premise, a new synthesis route is reported for
nitrogen-decorated polymers via the combination of Ugi-azide
four-multicomponent reaction (UA-4MCR) and thiol-ene polymerization.

Accordingly, @,»-diene monomers decorated with

(bis-)1,5-disubstituted-1H-tetrazoles (bis-1,5-DS-Ts) are synthesized by using
the UA-4MCR. Subsequently, the light-induced thiol-ene polymerization
facilitates the efficient synthesis of novel tetrazole-decorated polymers with
apparent number average molecular mass (M,)) up to 62 000 g mol~', which
are characterized for their chemical, thermal, and optical properties. The
comprehensive characterization of the synthesized polymers is paving the
way toward a wealth of opportunities, ranging from biomaterials to energy

storage—relevant materials.

1. Introduction

The chemistry focusing on five-membered aromatic nitrogen
heterocycles is currently receiving a significant research interest
in organic chemistry for developing novel molecules.!!! Indeed,
five-membered aromatic nitrogen heterocycles are widely used
in the development of synthetic strategies to obtain complex and

structurally diverse libraries of bioactive
compounds.?! On the one hand, among the
broad spectrum of heterocyclic substances,
aliphatic and aromatic substituted tetra-
zoles, particularly nitrogenous heterocyclic
1,5-disubstituted-1H-tetrazoles (1,5-DS-T5),
are gaining ever-increasing importance
due to their remarkable biological activ-
ities (e.g., antiviral, anti-inflammatory,
antibacterial, and antifungal).>! In fact,
1,5-disubstituted-1 H-tetrazoles deriva-
tives have demonstrated to be appropriate
bioisosteres of the cis-amide bond of pep-
tides due to the ability to adjust their
confirmation (Scheme 1A).[%7) Unfortu-
nately, 1,5-DS-Ts do not occur naturally.l®]
On the other hand, synthetic polymers
decorated with aliphatic substituted 1,5-
tetrazole units (either in the main chain or
as pendant groups) appear to be less inves-
tigated compared to their small molecule
counterparts,!®'!] mainly due to synthetic
challenges taking place either during the synthesis of the re-
spective monomer or the respective polymerizations.[#1213] In
fact, an in-depth literature survey revealed that most of the
existing examples of aliphatic substituted tetrazole-decorated
polymers are based on carbon-carbon backbone with tetrazole
side chains.['>1% Those polymers are synthesized either via
the polyaddition reactions of tetrazole-decorated dihydrazine
monomers with diisocyanate or the radical polymerization of
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Scheme 1. A) General structures of the cis- amide bond of the peptides (left) and bis-1,5-DS-T structure of the tetrazole moiety (right) as a mimic of a

cis-peptide bond; B,C) Previously reported methods for the synthesis of 1,5-DS-T containing polymer.

1-(vinyl-1 H-tetrazole) as shown in Scheme 1B.['718] Alternatively,
the functional group conversion reaction of polyvinylnitrile into
the tetrazole moiety via a [2+3] cycloaddition reaction with azide
derivatives acid has been reported (Scheme 1C).[1921]

Hence, due to the broad plethora of potential applications of
aliphatic substituted tetrazole-containing polymers in the field of
biomedical and energy-relevant materials research, there is an
ever-increasing demand for the development of straightforward
and efficient polymerization. On the one hand, multi-component
reactions (MCRs, such as Passerini,[??] Biginelli,!?}] or Ugil?*])
and their relevant polymerization approaches have appeared as
suitable methods, as those reactions enable the generation of a
single product from three or more starting materials in a one-
pot manner. Indeed, MCRs and multi-component polymeriza-
tions (MCPs) are generally considered as sustainable synthesis
tools as they provide operational simplicity under mild condi-
tions with high efficiency and deliver a great diversity of prod-
uct structures. Particularly, the Ugi four-component reaction (U-
4CR), which was discovered in 1982 by Ivar Karl Ugi,*’] is one of
the most significant and well-known MCRs.?) A slightly mod-
ified version, i.e., the Ugi-azide four-multicomponent reaction
(UA-4MCR), a variant in which an azide (i.e., azidotrimethylsi-
lane (TMSNj,)) is utilized instead of carboxylic acid, has been
used as a key step to obtain various systems containing the 1,5-
disubstituted-tetrazole scaffold.?®] It is important to note that the
UA-4MCR has neither been utilized for a,w-diene monomer syn-
theses nor for polymerization methods, although it provides di-
versity as well as complexity and allows the preparation of highly
attractive bis-1,5-DS-T derivatives in one-pot manner from com-
mercially available starting materials.[?’]

On the other hand, the thiol-ene reaction, the so-called “click”-
reaction between a thiol compound (-SH) and an olefin bond,
is one of the well-established techniques in the field of polymer
chemistry. The thiol-ene click reaction can take place with base-
catalyzed electron-deficient alkenes or by a radically initiated re-
action with non-activated olefins, thus has been utilized not only
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< 117,19,20]

to deliver diverse macromolecular structures ranging from lin-
ear polymers to networks, but also for post-polymerization and
surface modifications.[?®?°] Notably, in contrast to thermally ini-
tiated thiol-ene systems, photochemical approaches allow selec-
tive reactions to occur efficiently at ambient temperatures. Still,
the implementation of the light-induced thiol-ene reaction as a
polymerization approach to deliver tetrazole-decorated polymers
is not fully explored. Accordingly, this work aims to develop 1,5-
DS-T containing polymers by utilizing the photo-induced (i.e.,
365 nm) thiol-ene polyaddition reaction. For this purpose, a 1,5-
DS-T tethered model compound via UA-4MCR has been synthe-
sized to get the necessary insights and a general understanding
of the behavior of tetrazole formation, and the feasibility of thiol-
ene reaction on such compounds (Scheme 2A). Subsequently, an
efficient synthetic route for a novel type of bis-1,5-DS-T a,c-diene
monomers has been developed. Consequently, those monomers
(Scheme 2B) were further polymerized with a series of different
thiol derivatives to broaden the toolbox of bis-1,5-disubstituted-
1H-tetrazole-decorated polymers. Last but not least, all obtained
polymers were analyzed in detail using size exclusion chromatog-
raphy (SEC), nuclear magnetic resonance (NMR), attenuated to-
tal reflectance infrared spectroscopy (ATR-IR), thermal gravimet-
ric analysis (TGA) and differential scanning calorimetry (DSC),
along UV-vis and fluorescence spectroscopy.

2. Results and Discussion

2.1. Synthesis and Characterization of the 1,5-DS-T Model
Compound and Its Respective Model Thiol-ene Reaction

Recently, Levkin and colleagues have demonstrated the UV-
induced nitrile imine mediated tetrazole-thiol reaction on 2,5-
diphenyltetrazole derivatives.**] Therefore, it was essential to
ensure that 1,5-disubstituted tetrazole derivatives remain in-
tact during the light-induced reaction with the thiol deriva-
tives. Accordingly, a 1,5-DS-T containing model compound (MC)
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Scheme 2. Schematic representation of: A) the Ugi-azide four-multicomponent reaction (UA-4MCR) to provide 1,5-DS-T containing model compound
(MC) and its light-induced (4 = 365 nm) model thiol-ene reaction (MR). B) Synthesis approaches for the preparation of 1,5-DS-T containing a,w-diene
monomers M1 and M2 to deliver 1,5-DS-T containing polymers via thiol-ene reaction with dithiols (e.g., 1,4-butanedithiol (DT1), 1,6-hexanedithiol (DT2),
1,8-octanedithiol (DT3), 1,9-nonanedithiol (DT4), dithiothreitol (DT5) and 3,6-dioxa-1,8-octanedithiol (DT6) which are represented in table from P1-P12

under light initiation (4 = 365 nm). R and R1 donate different functional groups as they are depicted within the table.

was synthesized by reacting 10- undecenal, butyl isocyanide di-
ethylamine, and TMSN; in the presence of the catalyst 1,8-
diazabicyclo(5.4.0)undec-7-ene (DBU) in methanol under inert
atmosphere at ambient temperature by adopting a recently re-
ported procedure (Scheme 2A).[231 The chemical structure of
the MC was confirmed via 1D and 2D NMR spectroscopy (Fig-
ure 1A (shown in red) and Figure S1, Supporting Information).
Crucially, the presence of magnetic resonance of the only proton
associated with the tetrazole moiety was detected at ~3.8 ppm.
Furthermore, it was a prerequisite that the olefin end groups of
the targeted model compound also remain intact during the syn-
thesis, which could be affirmed by the presence of the magnetic
resonances arising from the alkene functional group, observed
at ~5.7 and ~5.0-4.8 ppm in Figure 1A. Moreover, the magnetic
resonances detected at 115 and 139 ppm in C-NMR could be
attributed to the olefin functionality (Figure S2, Supporting In-
formation). In addition, we observed the magnetic resonance at
155 ppm, which corresponds to the only carbon atom in the 1,5
disubstituted tetrazole moiety. Additionally, the absorption bands
at 1056 and 1382 cm™! in the ATR-IR spectrum could be assigned
to the antisymmetric stretching mode of N-N and vibration band
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of N=N bonds, respectively (red line, Figure 1B). Particularly,
the bands detected at 1234 and 1114 cm™", due to the C=N and
C-N stretching, confirmed the presence of 1,5-DS-T unit in the
respective compound (red line, Figure 1B). Accordingly, an ini-
tial investigation of a light-initiated (4 = 365 nm) thiol-ene re-
action, whose product is depicted as MR, has been performed
by using 1-dodecanthiol (1:1 thiol-to-ene molar ratio) and MC in
the presence of 2,2-dimethoxy-2-phenylacetophenone (DMAP) as
the photoinitiator. The resulting product, i.e., MR, was obtained
with a reasonable total yield of 98% upon purification by column
chromatography, and the chemical structure was confirmed via
'H NMR analysis. In fact, the detailed NMR analysis of the iso-
lated product, which is shown in Figure 1A, clearly verified that
no photolytic decomposition of 1,5-DS-T took place during the
light-induced thiol-ene reaction. Explicitly, it was observed that
magnetic resonance ¢ at 3.8 ppm, associated with tetrazole moi-
ety, remained intact. Indeed, an evaluation of the comparative
NMR and SEC data of the MC with the crude reaction mixture
of MR prior to the purification (Figure S3, Supporting Informa-
tion) validated not only the efficiency of the thiol-ene reaction,
but also that no degradation took place. Aside, the comparative
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Figure 1. Comparative: A) "H-NMR (400 MHz, CDCl;) and B) ATR-IR spectra of MC (red line) and MR (black line), respectively.

ATR-IR spectra of the isolated MC (red line, Figure 1B) and MR
(black line, Figure 1B) verified that the structure of the 1,5-DS-T
remained stable.

2.2. Synthesis and Characterization of 1,5-DS-T Decorated
a,@-Diene Monomers M1 and M2

Upon confirming that the 1,5-disubstituted tetrazole unit is un-
reactive during the photo-induced thiol-ene reaction, in the next
step, bis-1,5-DS-T a,w-diene monomers were synthesized by
adopting the above-mentioned procedure (Section A.2.2 in the
Supporting Information). To ensure the feasibility of the syn-
thetic strategy, it was fundamental to have two terminal olefin
handles in the monomer structure to allow for a polyaddition
with dithiol derivatives. Thus, targeted a,w-diene monomers M1
and M2 (shown in Scheme 2B) were synthesized by using 2 eq.
of the appropriate aldehydel3?! (i.e.,10-undecenal and 4-pentenal
for M1 and M2, respectively), 1 eq. of the diamine N,N-dimethyl-
1,6-hexanediamine,®¥ 2 eq. of butyl isocyanide, 2 eq. of azi-
dotrimethylsilane (TMSN;) and DBU (as a catalyst) in MeOH
(1 M) at ambient temperature for 18 h (Scheme 2B). Subse-
quently, the targeted monomers were isolated in reasonably good
yields (95% and 89% for M1 and M2, respectively) upon column
chromatography (DCM:MeOH (19:1)). The chemical structure of
a,m-diene monomers (M1 and M2) was confirmed by 1D and 2D-
NMR (compare Figures S4 and S5, Supporting Information) in
addition to ATR-IR spectroscopy (Figure S6, Supporting Infor-
mation). On the one hand, the magnetic resonances at 5.7 and
3.8 ppm in 'H NMR spectrum corresponding to the protons on
the terminal olefin and bis-1, 5-DS-T moieties, respectively, for
both M1 and M2, were observed. On the other side, as in the case
of the ATR-IR analysis for MC, all analogous bands confirming
the presence of tetrazole moiety can be detected in the compara-
tive spectra for M1 and M2 (Figure S6, Supporting Information).

2.3. Synthesis of 1,5-DS-T Decorated Polymers via Light-Induced
Thiol-ene Polyaddition

Motivated by the successful results of the test reaction performed

with MC, the light-induced thiol-ene polymerizations of M1 and

Macromol. Chem. Phys. 2022, 2200371 2200371 (4 of 10)

M2 were conducted in the presence of stoichiometric amount
of various dithiol derivatives. It is important to mention that
a one-pot tandem multicomponent polymerization approach in
which the respective dithiol derivative is reacted with the pre-
cursors delivering the tetrazole-decorated monomers (e.g., alde-
hyde derivative, diamine N,N-dimethyl-1,6-hexanediamine, butyl
isocyanide, TMSN; and DBU) is not feasible. Indeed, an in-
depth literature survey reveals that thiol derivatives (aliphatic
and aromatic) are reacting efficiently with isocyanides both in
radical,3**! and nucleophilic*®! manner, which in turn will hin-
der any polymer formation with the targeted chemical structure
(i-e., (bis-)1,5-disubstituted-1H-tetrazole). Nevertheless, to over-
come the disadvantages of low monomer mobility and reactiv-
ity resulting in a decreased degree of polymerization (DP) and
number average molecular mass (M, ), 1,9-nonanedithiol (DT4)
has been initially employed in the polymerization. Indeed, DT4,
as the longest alkyl chain dithiol derivative, has the lowest den-
sity (i.e., 0.95 g mL™!)*] and the most flexible aliphatic chain
length compared to all dithiol derivatives that have been used
to show the modularity of the approach. In fact, it has already
been reported that step-growth polymerizations®®! performed
with longer alkyl chain monomers result in polymers that may
be more easily diffuse even in solid-state polymerization under
the same temperature/time conditions compared to the shorter
alkyl chain derivatives. Moreover, shorter-chain monomers usu-
ally depict a greater degree of intramolecular cyclization during
step-growth polymerization.*”! Accordingly, M1 was reacted effi-
ciently with DT4 in 1.0 M dichloromethane (DCM) at ambient
temperature (a.t.) overnight (ON) in the presence of 0.3 wt.%
DMPA to yield polymer P4, which was isolated with an apparent
number average molecular mass (M,) of 40 200 g mol~! (with
dispersity, D, of 2.0 as determined by size exclusion chromatog-
raphy (SEC) relative to polymethylmethacrylate (PMMA) stan-
dards in tetrahydrofuran (THF) as eluent). Complementary to
SEC, 'H-NMR spectroscopy of P4 unambiguously confirmed the
formation of the targeted poly(thioether) decorated with two 1,5-
tetrazole units in each repeating unit and revealed a very high
monomer conversion as judged from the decreased signal in-
tensity of olefinic protons at 5.7 and 4.9 ppm (Figure S7, Sup-
porting Information). In the similar manner, the presence of the
magnetic resonances at 2.5 and 1.9 ppm corresponding to the
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Table 1. Molecular characterization and thermal analysis of tetrazole-decorated polymers (P1-P12) obtained via thiol-ene polyaddition reaction. Typical
reaction conditions were as follows: monomer (leq.), dithiol derivative (2 eq.), and light-initiator (DMPA, 0.3 wt.%) were reacted at A = 365 under inert

conditions.
Polymer Dithiol2) M, [g mol™T] D [M,/M,] Ty, 59 [°Cl T, [°C]
SECb) SEC TGA<) Dscd)
P1* DT1 34200 5.0 299 =31
P2* DT2 23 800 1.6 298 -37
P3* DT3 62 800 3.2 301 -32
P4* DT4 40 200 23 301 —34
pP5* DTS 49100 2.9 288 -13
P6" DT6 42 500 2.5 301 —42
P7** DT1 24 800 1.3 280 -20
Pg™* DT2 35 600 1.4 280 -29
P9*™* DT3 38 500 1.4 286 -23
P10™ DT4 50 100 1.9 286 -28
P11* DTS 20 500 1.9 267 -21
P12 DT6 37300 1.4 292 -32

*M1 has been used as the monomer; **M2 has been used as monomer; 2 Dithiolbderivatives:1,4-butanedithio| (DT1), 1,6-hexanedithiol (DT2), 1,8-octanedithiol (DT3), 1,9-
nonanedithiol (DT4), dithiothreitol (DT5) and 3,6-dioxa-1,8-octanedithiol (DT6); ) Determined by SEC using THF as an eluent; 9 The decomposition temperature (T so)
defined as the temperature at 5% weight loss was detected by TGA; ) The glass transition temperature (T) observed during the second heating measurement via DSC

analysis.

protons at the a- and p-positions adjacent the thioether bond,
in addition to the tetrazole proton appearing at 3.8 ppm, con-
firmed the expected chemical structure of the repeating units
of the polymer. Moreover, ATR-IR analysis of polymer P4 (Fig-
ure S8, Supporting Information) indicated that the C=C absorp-
tion bands (3104 and 1640 cm™!), which correspond to alkene
functionalized handles of M1, have disappeared, while the char-
acteristic absorption bands of tetrazole unit detected at 1056,
1114, 1234, and 1382 cm™! remained intact. Upon the successful
polymerization of M1, the same conditions have been adopted
to polymerize M2. Nevertheless, M2 failed to polymerize under
the mentioned conditions (i.e., 1.0 M DCM, ON, a.t.). As it has
been already mentioned, Kricheldorf explored cyclic oligomer-
ization competing with the polymerization in step-growth pro-
cesses for short alkyl chain length derivatives!**! and described
self-dilution as a common characteristic for conventional step-
growth polymerization of such monomers. Therefore, we as-
sume that possible cyclic oligomerization could take place be-
tween the reactive groups of the short-chain a,w-diene monomer
M2 and prevented the polymer formation. Thus, a bulk polymer-
ization of M2 with DT4 has been performed alternatively under
A = 365 nm for 24 h, which resulted in polymer formation, i.e.,
P10 (M, =50 100 g mol™', D = 1.5). The chemical structure of
P10 was also confirmed in an analogous manner to P4 by NMR
and IR spectroscopy (Figures S9-S10, Supporting Information).
Subsequently, the photo-initiated thiol-ene polymerization was
employed to produce a family of polymers of the new tetrazole-
decorated a,w-diene monomers M1 and M2 in the presence of
various dithiols (DT1-DT6) depicted in Scheme 2B. Accordingly,
some exemplary NMR and IR results of the obtained polymers
are presented in Figures S11 and S12, Supporting Information.
It is important to note that the polymerization of M1 was per-
formed in DCM, whereas M2 was usually polymerized in bulk. In
general, polymers of moderate number average molecular mass
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(20 500 < M, < 62 800 g mol~!) and expected step-growth dis-
persity values (1.4 < D < 3.2) were obtained for the aliphatic
dithiol derivatives as shown in Table 1. Surprisingly, the polymer-
ization of M1 with DT1 delivered a polymer with a considerably
high dispersity value (D of 5.0, compare Table 1, Entry 1, and Fig-
ure 2A). In fact, high dispersity values are rather typical for poly-
mer chains having a relatively high tendency of cyclization.[*(]
The latter is particularly taking place during the step-growth poly-
merization of any short alkyl chain length derivatives, such as
DT1. In point of fact, Kricheldorf,*!l in many of his works, has
emphasized that decreasing the alkene length in any reactive bi-
functional monomer is inducing the cyclization tendency of the
system (defined as the ratio of rate constants of cyclization vs.
chain extension). Therefore, a typical step-growth polymer can
contain predominantly linear species and a varying amount of
cyclic species.[*?] Actually, bimodal molecular weight distribu-
tions are usually detected in such polymerizations as the cyclic
products are mainly oligomers, whereas the linear chains have
high molecular weight.[**] On the contrary, lower D values were
obtained for samples prepared in bulk [as for P7 (P of 1.3), which
was synthesized from M2 and DT1, both monomers possessing
the shortest methylene spacers] and with only moderate conver-
sion. Actually, the decrease of the dispersity by applying bulk con-
ditions is predictable as the Ruggli—Ziegler-Dilution Principle,
which in turn states that the lower concentration of reagents leads
to a higher amount of cyclic molecules and a lower degree of
polymerization.[*] Delightfully, polar dithiol monomers such as
dithiothreitol (DT5) and 3,6-dioxa-1,8-octanedithiol (DT6) also re-
sulted in polymers (Entries 5, 6, 11, and 12 in Table 1). Indeed, we
observed that the pendant polar hydroxyl in addition to the polar
1,5-disubstituted tetrazole groups allow polymers (P5 and P11) to
be good soluble not only in conventional organic solvents, such
as THF, DCM, and N,N-dimethylformamide (DMF), but also in
a polar solvent, such as methanol.
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Figure 2. Comparative: A) SEC traces of polymer P1-P6 obtained from the reaction of M1 and dithiol derivatives; B) SEC traces of polymer P7-P12
synthesized from M2 and dithiol derivatives; C) TGA of P1-P6 derived from M1 with various dithiols; (D) TGA of P7-P12 derived from M2 in the
presence of diverse dithiols; E) DSC curves of P1-P6; and (F) DSC curves of P7-P12, respectively.

2.4. Thermal Properties of 1,5-DS-T Decorated Polymers

Thermogravimetric analysis (TGA) was applied in order to detect
the thermal properties of the novel developed polymers; particu-
larly, we have determined the composition temperature (Ty so),
which is defined as the temperature at 5% weight loss. As shown
in Figure 2C,D and Table 1, a multistep degradation pattern was
observed with a Ty 5o, of approximately ~300 °C and ~280°C un-
der inert conditions (i.e., nitrogen gas) for P1-P6 (Figure 2C)
and P7-P12 (Figure 2D), respectively, resulting from the poly-

Macromol. Chem. Phys. 2022, 2200371 2200371 (6 of 10)

merizations of M1 and M2 with a series of the dithiols shown in
Scheme 2B. The first degradation step occurred approximately
between 280 and 395 °C followed by the second step ~400 to
470 °C. The first degradation can be attributed to the elimina-
tion of tetrazole pendant group, while the second step is relevant
to the backbone degradation. Importantly, no char residue was
observed for most of the polymers, aside for polymer P8. In ad-
dition, the different chain length of the dithiol derivatives had
relatively small influence on T} 5,, as can be seen in Figure 2C,D
(shorter length of P1 or P7, versus longer length of P4 or P10).
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Figure 3. A,B): Absorption traces of MC and M1, respectively, at different concentrations in MeOH (for MC: black: 2.5 mg mL~", red: 5.0 mg mL™; for
M1: black: 2.5 mg mL~", red: 5.0 mg mL~", blue: 10.0 mg mL~", green: 20.0 mg mL~"). C) Emission spectra of M1 at various excitation wavelengths
(from 325 to 430 nm) in MeOH (c = 20 mg mL~"). D) Emission spectra of M1 at different concentrations (black: 2.5 mg mL~", red: 5.0 mg mL™", blue:

10.0 mg mL~", green: 20.0 mg mL™") in MeOH (298 K) at A, = 355 nm.

Whereas TGA curves of P5 and P11, which contain hydrogen-
bond interaction originating from DTS5, apparently, have shown
a dramatic decrease in the composition temperature (T so).
Next, the thermal transitions of the polymers were investi-
gated via differential scanning calorimetry (DSC), (Figure 2E,F).
In general, the DSC studies indicated that the polymers were in
an amorphous state, being characterized by low glass-transition
temperature (T,) values (T, < =10 °C). Moreover, it was detected
that P1-P6 (polymers derived from M1) featured a lower glass
transition temperature than P7-P12 (polymers derived from
M2). Indeed, we have postulated that by reducing the distance be-
tween the rigid units (particularly in the 1,5-tetrazole-decorated
units), we could deliver polymers with higher T, values. In re-
gard of the impact of dithiol derivatives, DT6 further increased
the distance and the chain-flexibility between the rigid backbone
components, thus leading to the lowest observed T, of the dithiol

g
linkers at —42 °C for P6 and —32 °C for P12, respectively.

2.5. Optical Properties of 1,5-DS-T Decorated Organic Molecules
and Polymers

Conventional luminescent polymers usually are integrated with
extended -z conjugated structures that suffer from associated
aggregation-caused quenching and complex synthesis. There-
fore, there is a huge demand for stand-alone luminescent poly-
mers that can circumvent these drawbacks and can be em-
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ployed in diverse applications. Indeed, the synthesized com-
pounds (e.g., small molecules in addition to the polymers)
have the potential to present luminescent properties,*’! since
electron-rich heteroatoms (i.e., N, O, and P),**’] hydroxyl
(OH), amino (NH,), carbonyl (C=0), cyano (CN),*% carboxyl
(COOH),2% amide (CONH),[*8] anhydride[*’! and carbon—carbon
double bonds (C=C)/*"I can form diverse clusters upon aggrega-
tion, that is termed as the clustering-triggered emission (CTE).
Therefore, we have investigated the respective photophysical
properties via UV-vis and Fluorescence spectroscopy. Due to
simplicity, we performed preliminary investigations by analyzing
the absorption spectra of MC and M1 (which are chemically sim-
ilar to M2) in MeOH. On the one hand, the UV-vis spectrum of
MC depicted the following absorbances and weak fluorescence at
~238, 304, and ~364 nm, which in turn shifted to higher wave-
lengths (250, 308, and ~#374 nm, respectively) with the increment
of concentration (from 2.5 mg mL™! to 5.0 mg mL~! in MeOH)
as shown in Figure 3A.

Furthermore, as the concentration increased, an increment in
the absorption intensity was also observed (Figure 3A). The calcu-
lated quantum yield (QY) of MC was @, = 1.92%, (Figure S13,
Supporting Information) which can be related with low lumi-
nescence materials. On the other hand, monomer M1 showed
slightly different behavior (Figure 3A), i.e., the absorption spec-
trum (at concentration of 2.5 mg mL™! in MeOH) featured two
maxima centered at 247 and 346 nm in addition to an absorption
band at 389 nm as a shoulder. The absorption band, which was
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Figure 4. A,B): Absorption and emission (A, = 355 nm) traces of P6, respectively, at different concentrations in DCM (black: 2.5 mg mL™", red: 5.0 mg
mL~"; blue: 10.0 mg mL™"). C) Emission spectra of P6 at various excitation wavelengths (from 325 to 430 nm) in DCM (¢ = 10.0 mg mL™"). D)
Photographs were taken under 365 nm UV light of P6 (10.0 mg mL~" in DCM, left) and pure DCM (right).

detected at 247 nm, was shifted to higher wavelength at 270 nm
with the increased concentration from 2.5 to 20.0 mg mL~!, while
the absorption intensity at first has increased and decreased at
concentration of 20.0 mg mL~! (Figure 3B). On the contrary, the
absorption bands at 346 and 389 nm have remained practically
in the same wavelength range accompanied with an increment
in the absorption intensity (Figure 3B). To get more information
about the photophysical properties of M1, we have further deter-
mined its emissions by varying excitation wavelengths (4,,). In
fact, the fluorescence emission of M1 (in Figure 3C) showed a
significant change upon different A, values from 325 to 420 nm,
i.e., the photoluminescence peak shifts to longer wavelengths
and its intensity decreases rapidly, with the strongest peak excited
at the absorption band. This is a compelling photoluminescence
phenomenon that is generally exhibited by nonconventional lu-
minescent materials (either small molecules or polymers). The
latter behavior is mainly attributed to the materials containing
different chromophores with degenerate energy levels. Further-
more, as concentration is a crucial parameter to adjust noncon-
ventional intrinsic luminescence behavior of small molecules
and polymers, and to identify emission centers,>! fluorescence
emission spectra of M1 solutions with different concentrations
were measured at 4., = 355 nm (Figure 3D). In fact, a significant
increase of fluorescence emission intensity was observed in addi-
tion to a slight redshift of the emission band located at 427 nm to
a higher wavelength of 440 nm, when the M1 concentration was
varied from 2.5 to 20.0 mg mL~'. Thus, we inferred that M1 pos-
sessed the cluster-induced emission characteristic. In fact, it has
been reported!*>>2! that nonconventional fluorescence is usually
observed for materials in the aggregated state or solid phase, and
was associated with the interaction of carbonyl groups, n—z* in-
teractions occurring due to the overlap of the n orbitals of lone
pair electrons of N, O, or S atoms and the adjacent antibond-
ing #* orbitals of carbonyl groups, or other double bonds, and
m—r* interactions of double and/or triple bonds. Subsequently,
we examined the exemplary M1-derived polymers P1, P4, and P6
and compared them to M2-derived polymers P7, P10, and P12
regarding their optical properties. In fact, the UV-vis spectra of
all polymers depicted a similar behavior, which was comparative
to monomer M1. In other words, an absorbance max at 245 nm
with a shoulder peak at 343 nm was observed for all polymers.
The increase of the concentration (from 2.5 to 10.0 mg mL™! in
DCM) was accompanied with an increment of the absorption in-
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tensity and in a redshift of the absorbance maxima (to ~#254 nm)
in addition to an extension of the tail extended to the visible re-
gion, as it is shown in Figure 4A; along, Figures S14 and S15 in
the Supporting Information. Negligible impact on the intensity
of the absorption was observed by varying the type of the dithi-
ols (DT1 (1,4-butanedithiol), DT4 (1,9-nonanedithiol) and DT6
(3,6-dioxa-1,8-octanedithiol) polymerized with monomer M2 (see
Figure S15, Supporting Information). Polymers (P1, P4, and
P6) derived from M1 showed clear dependency on the dithiol
used, i.e., the incorporation of DT6 in polymer P6 resulted in
the maximum absorption intensity (compare Figure 4A and Fig-
ure S14, Supporting Information). Furthermore, with increasing
concentration, visible blue emission was observed for all poly-
mers when it gets to 10.0 mg mL™!. As it is depicted in Fig-
ures 4B in addition to Figures S14 and S15, Supporting Infor-
mation, the photoluminescence intensity progressively has be-
come higher and redshifted as the concentration increased from
2.510 10.0 mg mL~! with an E,, (photoluminescent emission) at
438 nm (4., = 355 nm), which can be ascribed to the clustering
of tetrazole and thioether moieties along with the conformation
rigidification.

Moreover, the emission spectra of the solution of P6 (10.0 mg
mL™!) with varying A, values also verified the presence of dif-
ferent emission centers (Figure 4C). Actually, the E, values
were conspicuously redshifted as A,, has increased from 325 to
430 nm. Furthermore, when dissolved in different solvents, such
as MeOH, the emission spectra of all polymers exhibit a slightly
varied emission profile (Figure S16, Supporting Information), in-
dicating the different emissive clusters in varying solvents. The
photographs of all polymers in DCM under the illumination of
a 365 nm UV lamp are shown in Figure 4D in addition to Fig-
ures S14 and S15, Supporting Information. Taking P6 for exam-
ple, multiple intra- and intermolecular interactions like arising
from n-z* or z—z* transitions between electron-rich -C=C-, —
N=N- and -N-N-, and the conjugated aromatic tetrazole units
can be considered as the possible mainspring for cluster trig-
gered emission. Such effective through space electronic commu-
nication in addition to the rigidified conformations could be pos-
tulated as a reason for the emission of the clusters upon UV ex-
citation. Nevertheless, density functional theory calculations are
essential in order further understand the fluorescence behavior
of those classes of polymers and the respective small molecules
at the molecular level.
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3. Conclusion

To conclude, we have demonstrated the first attempt for the syn-
thesis of the tetrazole-decorated monomers via Ugi-azide four-
multicomponent reaction (UA-4MCR) and their respective poly-
merization via thiol-ene chemistry. The synthetic concept was pri-
marily established with a bis-1,5-disubstituted-1H-tetrazole (bis-
1,5-DS-T) decorated model compound, which was subsequently
examined via a model thiol-ene reaction to ensure that the thiol
derivatives do not undergo any side reactions with the respective
tetrazole units under a light-induced thiol-ene addition reaction.
Accordingly, the synthesis of two a,w-diene monomers decorated
with bis-1,5-DS-T units was successfully conducted. Monomers
were fully characterized, and the respective light-induced thiol-
ene polyaddition reaction with different dithiol derivatives al-
lowed for the construction of diverse polymers decorated with
bis-1,5-DS-T. Importantly, detailed NMR, SEC, ATR-IR charac-
terization confirmed the successful polymerization and showed
that the 1,5-DS-T moiety remained intact during the polymeriza-
tion process. Furthermore, the thermal and optical properties of
the polymers have been investigated, revealing that the tetrazole-
decorated polymers show two-step degradation process with sta-
bility up to 300 °C. Critically, one of the objectives of this research
was to reveal the cluster-triggering properties of 1,5-DS-T con-
taining polymers, potentially paving the way toward nonconven-
tional luminescent polymeric materials. Indeed, further studies
on the synthesis of main-chain 1,5-DS-T containing polymers
and their post-polymerization modification along the in-depth
understanding of the unconventional luminescent properties are
currently underway. Last but not least, the potential applications
in the field of biomedicine because of the unique properties (e.g.,
antibacterial, anticancer) are also under investigation.
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