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From the synthesis of small biomolecules to complex macromolecular structures, click chemistry is one
of the most promising and straightforward methodologies owing to its easy accessibility and high
efficiency. A dual-heterogeneous photocatalyst with the capability of engendering light emission in
upconversion materials combined with graphitic carbon nitride (g-CN) could present a powerful tool in
electron transfer reactions, specifically in copper-catalyzed azide—alkyne cycloaddition (CuAAC) click
reactions. We herein describe a “geared photochemistry” approach for producing an electron from g-CN
by in-source lightening in the near-infrared region using upconversion glass that produces copper() to
initiate the click reaction. Using this approach, the photocatalytic activation of g-CN has been achieved
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by using Tm>* and Yb®* ion-doped zinc-tellurite glass which absorbs laser irradiation at 975 nm and is
capable of emitting blue light at 475 nm. The efficiency of this system has been investigated for various
CUuAAC reactions ranging from small molecule synthesis to the macromolecular scale including modifi-
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rsc.li/polymers cation strategies of polymers.

Introduction

The 1,3-dipolar cycloaddition reaction between terminal
alkynes and azides is a superior organic reaction and an
easier way to synthesize 1,2,3-triazole derivatives. After
Sharpless and Meldal introduced the copper complex to the
click concept, it became a landmark in synthetic chemistry.">
Simple reactions with a high yield under mild conditions
without the need for purification, stability to a variety of sol-
vents including water, and leniency of most functional
groups make the 1,3-dipolar cycloaddition between azides
and alkynes a model reaction of click chemistry.? Since then,
numerous studies have been conducted toward obtaining an
in-depth understanding of click reaction phenomena.” Due to
the versatile application possibility of this reaction, it has
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been used in many research fields from biomolecule
synthesis®” to drug discovery® and polymer chemistry®™* to
materials science.’® Most of these studies rely on the copper-
catalyzed azide-alkyne cycloaddition reaction (CuAAC) acti-
vated by a copper(i) salt towards regioselectivity. The required
copper(r) species for the reaction can be furnished indirectly
by several approaches.’® To date, there have been many
touchstone reports on the issue including the photochemical
process which is the most promising way of generating
copper(1)."”"'® The light-induced CuAAC concept involves the
in situ reduction of air-stable copper(u) species to the desired
active copper() species by a photochemical redox process."’
This process is achieved either by (i) direct reduction of
CuCl,/ligand complexes or (ii) indirect reduction by the
photochemically generated active species such as free rad-
icals or carbocations. For the accomplishment of CuAAC reac-
tions, the redox potential of the copper complex and the
photochemically generated radicals are critical. The photo-
induced CuAAC approach also provides the possibility of
combining the process with chain polymerizations to form
complex macromolecular structures.>**!

Alternatively, the energy required to reduce metal com-
plexes can be provided by visible light irradiation of photoca-
talysts such as graphitic carbon nitride (g-CN) and poly-
nuclear aromatic compounds.”””** Among two-dimensional
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photocatalysts, g-CN possesses exceptional features such as
good thermal stability, recyclability and high catalytic
activity.>>*® This visible light-sensitive metal-free semi-
conductor can be easily synthesized via thermal condensation
of nitrogen-rich and abundant organic monomers at
550 °C.”” g-CN stands for a family of materials where many
parameters such as porosity, light absorption, surface charge,
dispersibility and elemental ratio can be adjusted.”® In a
typical semiconductor, photocatalytically formed excited elec-
trons and holes enable the photoredox cycle to address a rich
variety of reactions.”® g-CN has been widely investigated in
photocatalytic reactions such as CO, reduction®® and water
splitting;®" yet in the synthesis of polymers®* and in organic
chemistry,>* g-CN catalyzed photoinduced reactions are used
as well. Moreover, once irradiated, g-CN can show low reactiv-
ity under dark conditions due to the trapping of electrons in
its mesoporous structure.>®> As the activity of g-CN is
restricted in the visible range® the utilization of lower
energy light sources (such as near infrared, NIR) is desired.
For this reason, a combination of light upconversion (UC)
systems with g-CN possesses great potential for NIR acti-
vation. Typically, the conversion of NIR radiation into visible
light is achieved via thermometry,*>?® optical fibers, optical
data storage, quantum information, bioimaging, bioanalyses,
and white light sources.”” ** In this connection, it is worth
mentioning that when photochromic groups are attached to
the surface of UC nanoparticles, certain reactions can be
induced directly in the NIR region without taking advantage
of visible light emission.**>"*®

The UC method involves nonlinear optical processes
characterized by the successive absorption of two or more
photons for the emission of radiation at shorter wavelengths.
Selection of host materials as well as the selection of rare
earth (RE) ions affects the energy distribution of the UC emis-
sion. Generally, Yb*" is used as a sensitizer in RE-doped
materials because its absorption of NIR radiation occurs over
a wide energy range via the transition from the ground state
(*F,),) to the excited state (°F5,) which splits into Stark levels
when doped in a glass matrix. Tellurite glasses synthesized
using various modifiers such as ZnO, K,O, BaO, GeO,,
Nb,0Os, and B,0; are suitable host materials for RE ions and
have unique physical and chemical properties that make
them useful for a wide range of technical applications. They
exhibit a wide range of optical transparency from the mid-
infrared to ultraviolet region, a high refractive index, a low
melting temperature, and good chemical and mechanical
stability.*”*® Previous spectroscopic studies have confirmed
that codoped TeO,-based glasses with Yb*>" and Tm?", Er*",
Pr**, Nd**, Sm®*" and Ho®" result in a higher absorption coeffi-
cient, UC-emission quantum efficiencies, stimulated emis-
sion cross-sections and relatively low luminescence concen-
tration quenching.***

The generation of UC and white light (WL) in both singly
and doubly doped tellurite glasses with various RE ions
(including Tm*" and Yb*/Tm®" ions) has been
reported.>*™” It has been shown that environmental con-
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ditions, such as pressure, excitation power, the concen-
tration of dopant ions in the matrix, and so on, affect both
UC and WL efficiencies. WL is described by blue, green, and
red colors, which are its fundamental components.’®* ®* The
UC process may trigger the generation of visible light and
WL from infrared radiation by suitable lanthanide ions or
combinations of them.

In this work, we report a “geared photochemistry” approach
for the NIR induced CuAAC click reaction by the sequential
combination of NIR absorption, visible emission of UCG and
electron release followed by reduction of the CuCly/ligand to
essentially form a copper(1) catalyst.

Results and discussion

The initial focus of this study was the generation of blue light
emission of Yb*'/Tm®" doubly doped TeO,-ZnO glass via the
absorption of NIR radiation. The method used for the syn-
thesis of the sample was the conventional melt-quenching
technique. The optical absorption spectrum of the zinc-tellur-
ite glass was measured between the range of 400-2000 nm in
order to identify the absorption lines of Yb®>" and Tm>" ions
(Fig. 1a). The absorption lines centered at around 465, 685,
780, 1210, and 1710 nm were identified as the Tm>" transitions
to the Gy, °F, + °F;, *H,, *Hs, and °F, levels from its *Hg
ground level. On the other hand, a broad absorption band
centred at about 975 nm appears in the spectrum due to the
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Fig. 1 (a) Absorption spectra of Yb** and Tm>* doped zinc-tellurite
glass, recorded at room temperature. (b) Emission spectra of Yb** and
Tm3* doped zinc-tellurite glass under 975 nm laser excitation with
different pumping powers.
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transition from the *F,;, ground state to the *Fs, excited state
of the Yb** ions. Excitation power-dependent emission peaks
of the glass are shown separately in Fig. 1b.

The emission peaks of Tm®" ions in the zinc-tellurite
glass were observed at 525, 547 and 670 nm in the visible

0.49 mW/cm?

4.11 W/em?

Fig. 2 Emission-related luminescence spectra of Yb*>* and Tm** doped
zinc-tellurite glass under 975 nm laser excitation with different pumping
powers.

View Article Online

Paper

region. These peaks correspond to the 'G, — *H,, *F,,; —
*He, and °F, — *H, energy transitions, respectively. The UC
emission intensities of all three emissions increased with
increasing excitation power in the 0.49 W em™> to 7.75 W
cm~? range. The colour analyses in Fig. 2 indicate the weak
dependence of the colour coordinates (CIE-1976) on the
altered laser excitation power. The results of the colour coor-
dinates (x; y) on the excitation power of the laser light at
975 nm wavelength were found to be (0.17, 0.28), (0.18, 0.28)
and (0.19, 0.30) for 0.49 W cm™2, 4.11 W cm™> and 7.75 W
cm™?, respectively.

As shown in Fig. 3a, laser source irradiation at 975 nm
enables a possible energy transfer between the corresponding
ions in the UC glass which gives rise to blue light emissions.
This in situ emission excites mpg-CN (mesoporous graphitic
carbon nitride) and generates an electron-hole pair. After the
charge separation, the copper(u) complex in the reaction
medium is reduced by an electron and turns into copper(i)

a) Cu'/PMDETA
< = P
475n0m  ©B R® 'Ns + =—R
Laser Source Cu'/PMDETA
980 nm
~n-No
o R N7 N
UC Glass h* =
R'
g-CN
100 n
b) i c) A
b 80 e

©/\N3 . ///\OH mpg-C3Ny
cu'cl,/PMDETA

d)

b d
VN T
r T T T 1
9 6 5 4 3
8/ ppm

Fig. 3

oz
/ \
((z"
o
T
Conversion (%)
3
\
}\\

»
3
e
\
)

0 1 20 30 40 5 60 70
Time (min.)

e)

Conversion (%)

2 3
Number of Cycle

(a) Visual demonstration of the geared reaction. The sequential system activates the CuCl, complex to initiate the click reaction under NIR

light irradiation with the combination of g-CN and UCG. (b) Proposed mechanism of the copper catalyzed click reaction between benzyl azide and
propargyl alcohol. (c) *H NMR spectrum of the CUAAC click reaction between benzyl azide and propargyl alcohol. (d) Conversion—time plot of the
CUAAC click reaction as measured by *H NMR spectroscopy through integration of the benzylic protons around 5.5 ppm. (e) Evolution of the cata-

lytic activity of recycled g-CN.
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which is required for catalyzing the cycloaddition reaction
between the azide and alkyne groups.

2-CN photocatalysts used in this work have been fully
characterized (see the ESI}). The corresponding UV absorption
spectra of g-CN photocatalysts and copper salts are given in
Fig. S71, which confirm that the corresponding photo-induced
electron transfer process is initiated exclusively by the exci-
tation of the UCG. As demonstrated, g-CN photocatalysts
exhibit photocatalytic activity in which blue light is emitted
from the UCG at 475 nm, while the copper salts are unaffected
by light in this region. Thus, the click reaction does not
proceed in the absence of a photocatalyst.

Firstly, we studied a model reaction between benzyl azide
and propargyl alcohol in the presence of CuCl,/PMDETA, mpg-
CN, and UCG (Fig. 3b). The reaction was simultaneously
tracked by "H NMR spectroscopy. While the UCG was excited
at 975 nm with a laser source, it emitted blue light at 475 nm
due to the Tm>* ions within. This emitted light engenders the
2-CN activation in the reaction medium to release electrons
which are required to reduce the CuCl, complex to form
copper(i) for the click reaction. The kinetic profile was followed
by '"H NMR and the appearance of a new peak at around
5.5 ppm confirmed the greatly performed click reaction within
2 h (Fig. 3b-d). The recyclability of g-CN was also studied; the
experimental result shows that g-CN could be used up to five
times in CuAAC click reactions as a part of the dual system
(Fig. 3e). Subsequently, the study was extended to various
alkyne compounds.

Table 1 shows that the system worked well for all alkyne
derivatives, progressing to complete conversion within 2 h
(Fig. S8-121). The reaction between benzyl azide and aromatic

View Article Online
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alkyne derivatives proceeded relatively slowly but produced a
high yield in a short time. Additionally, the functional group
tolerance was investigated by using anthracene derivatives as
an azide source with the cycloaddition reaction showing high
efficiency. Furthermore, another up-converting type catalyst,
organodispersible carbon nitride (CMp-VTA), which absorbs at
relatively longer wavelengths was also tested. Notably, high
yields were attained under identical experimental conditions
(Table 1, entry 1).

The success of the reaction with low molar mass com-
pounds led to the extension of the approach to macromol-

E+G

| i L loul y
5 4 3 2 1
ppm

Fig. 4 'H NMR spectrum of anthracene functional poly(e-caprolactone)
(yield 56%).

Table 1 NIR light-triggered photocatalytic system for the CuAAC reaction in the presence of CuCl,/PMDETA and g-CN photocatalysts between

various azide and alkyne compounds?®

Run Photocatalyst Azide Alkyne Products Conv.” (%)
1° CMp-vTA Ns =\ ©/\N'N.‘N 98
‘\Q—OH
Zc rnpg—CN N3 EOH ©/\N'N"N 98
\\&OH
3¢ mpg-CN Ns =\ ©/\N’N«~N 90
2 =,
é L&NHZ
4d mpg—CN N;E) \\\© ©/\N'N¢N 08
57 mpg-CN Ns AN ©/\N‘N~‘ 98
\D N
S /)
=on

(¢

6° mpg-CN s
Q

O . 90

“ All reactions were carried out in DMSO-dg at room temperature. ” Conversions were determined by "H NMR spectroscopy. ° Reaction time = 2 h.

4 Reaction time = 8 h. ¢ Reaction time = 4 h.
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ecular synthesis. For this purpose, alkyne functional poly(e-
caprolactone) (PCL) was modified with anthracene. The
corresponding '"H NMR spectrum shows the characteristic
peaks which identify the anthracene functionality (Fig. 4).
Spectroscopic studies were also conducted (Fig. S13 and
147). The fluorescence spectrum of anthracene functiona-
lized PCL clearly indicates end group modification by emis-
sion bands of the excited (singlet) anthracene at 595, 655,
and 725 nm.

Additionally, click reactions between macromolecular
chains were studied. Thus, azide functional polystyrene
(PS-N3) and alkyne functional poly(e-caprolactone) (PCL-

cu''Cl,/PMDETA
_ . _475nm
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Cu'Cl,/PMDETA
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Fig. 5 (a) Schematic diagram of block copolymer formation. (b) GPC
traces of PS-N3 (M, = 1900 g mol™), PCL-alkyne (M, = 4266 g mol™)
and PS-b-PCL block copolymers (M,, = 6171 g mol™).
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T
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+

:—\0 0/—:
0 X
==
Alk-1

CuCl,/PMDETA

View Article Online

Paper

alkyne) were used as antagonist click functional polymers to
form block copolymers with structurally different segments.
The overall mechanism is shown in Fig. 5 with the corres-
ponding GPC spectra of the polymers. The GPC analysis
clearly indicates an increase in the molecular weight and the
presence of a shoulder refers to a starting polystyrene moiety
arising from the presence of a small amount of the non-func-
tional precursor (Fig. 5b). The characteristic peaks that identify
the triazole ring are seen in the corresponding '"H NMR spec-
trum (Fig. S157).

In order to extend the macromolecular aspect, the possi-
bility of photoinduced crosslinking by the described
approach was also tested. Fig. 6 shows the pathway of the suc-
cessful crosslinking reaction upon irradiation of multifunc-
tional click components with a 875 nm laser in the presence
of mpg-CN and CuCl,/PMDETA under open air conditions.
The gelation was completed after 2 hours. The FTIR spectra
of the corresponding starting materials and the final product
are presented in Fig. 7. As can be seen, the azide peak at
2100 cm™" significantly decreased as a consequence of tri-
azole ring formation.

—— mpg-CN ’

—— Cross-linked Polymer
\/—

v

r r —— —— T T .
4000 3600 3200 2800 2400 2000 1600 1200 800

Wavelenght (cm™)

Fig. 7 FTIR spectra of Alk-1, Az-1, mpg-CN and the cross-linked
polymer.

N=N,
X NWV\N
N,
"?rr)\/ 3 / NM'\N. N
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N‘rN‘N/J‘rI
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Fig. 6 Proposed mechanism for the NIR induced photo-crosslinking process.
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Conclusion

The Tm** and Yb*" ion-doped zinc-tellurite UCG can activate
2-CN with the aid of an internally light emitting process. For
the CuAAC process, the visible light excitation of g-CN by the
emitted light from NIR light triggered the UCG in the presence
of CuCl, generated active copper(1) species to catalyze a click
reaction. In this study, an interdependent heterogeneous
system by using UCG in conjunction with g-CN under NIR
light is presented, offering a highly effective click methodology
for (macro)molecules in synthetic chemistry. The combined
use of graphitic carbon and UCG allowed the system to be suc-
cessfully used several times due to the nature of heterogeneous
catalysts.
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