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Conjugated materials can, in many cases, absorb visible light
because of their delocalized m electron system. Such materials
have been widely used as a photoactive layers in organic
photovoltaic devices and as photosensitizers in dye-sensitized
solar cells. Additionally, these materials have been reported for
applications in solar fuel production, working as photocatalysts
for the hydrogen evolution reaction (HER). The synthesis of
three flexible vinyl groups-containing chromophores is re-
ported. The catalytic activity towards hydrogen evolution of
these chromophores has been investigated and compared to
their non-vinyl-containing analogues. The catalytic effect was
confirmed using two different approaches: electrochemical,
using the chromophores to modify a working electrode, and
photocatalytic, using the chromophores combined with plati-
num nanoparticles. A relationship between the degree of
conjugation and the catalytic activity of the chromophores has
been observed with the electrochemical method, while a
relationship between the UV absorption in the solid state and
the photocatalytic effect with platinum nanoparticles was
observed.

Hydrogen is coming up to the stage of widespread use, not
only because of its large energy density and its easy production
but also because it is the cleanest energy carrier and most
environmentally friendly fuel.™ The hydrogen evolution reaction
(HER) is of prime importance for fundamental and applied
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electrocatalysis. By far, platinum-based catalysts have been
considered as the most essential catalysts for HER? However,
their high cost and scarcity hamper a widespread use for
hydrogen production and in hydrogen fuel cells,”’ leaving a
demand for low-cost alternative catalysts for hydrogen evolu-
tion. Although most studies are focused on inorganic semi-
conductors as catalysts for hydrogen evolution, very promising
approaches from communities around the world based on
metal-free organic catalysts for the hydrogen evolution reaction
have been reported.”

The vast interest in organic chromophores is driven by their
potential for the manufacture of cheap and efficient electronic
devices such as photovoltaic cells and light-emitting diodes.”
Organic chromophores may also act as electrocatalysts in
various processes.” The promising potential of organic highly
conjugated chromophores having narrow m-rt* energy gaps is
mostly directed towards solar-energy conversion into clean H,
fuel by water splitting.”® The pioneering report on conjugated
photocatalysts [linear poly(p-phenylene)s (PPPs)] for H, evolu-
tion can be traced back to a publication in 1985 from Yanagida
and co-workers.” In addition, suitable metal co-catalysts, mostly
platinum nanoparticles, have been used to lower the redox
overpotential and improve charge transfer and separation,
which has greatly enhanced the photocatalytic performance of
organic catalysts.'"” However, literature data on using these
chromophores for hydrogen evolution without platinum sup-
port is extremely limited.

Electrochemical hydrogen evolution from water is regarded
as one of the most sustainable techniques for production of
high-purity H,. The HER is a fundamental step in electro-
chemical water splitting that requires a cost-effective and long-
lasting catalyst to overcome the energy barrier of the
reaction.""""¥ Catalysts in powder form that can be used as
materials to modify electrodes and are highly active and stable
in acidic solutions are suitable as materials for electrochemical
investigation of the HER. Enormous efforts have been dedicated
to the development of such catalysts; however, there are hardly
any reports, except for Pt-based catalysts."”

Herein, we describe three different types of highly con-
jugated organic molecules (two tri- and four tetracarboxylic
acids) based on three different cores (triphenylamine,
anthracene and tetraphenylethylene) that can be used with or
without platinum nanoparticles as catalysts in hydrogen
evolution reactions. Benefiting from their carboxylic groups,
these compounds can also serve as ligands in metal complexes
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or as linkers in metal-organic frameworks (MOFs) or coordina-
tion polymers.

The flexibility and degree of conjugation of compounds 2,
4, and 6 were modified by including a vinyl group between the
carboxylic acid and the aromatic moiety. This was achieved by
using [4-(E-3-methoxy-3-oxo-1-propen-1-yl)phenyllboronic acid,
prepared according to the literature via Knoevenagel
condensation,” in the corresponding Suzuki-Miyaura cross-
coupling reactions (available in ESI). Extending the degree of
conjugation with a vinyl group was chosen mostly due to
practical reasons. Ligands constructed from repeating phenyl
rings sometimes lead to anticipated practical problems, like low
yields, solubility problems etc.
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In order to elucidate the electrocatalytic activity in HER of
the above-mentioned chromophores, linear sweep voltammetry
was used to study the unmodified glassy carbon (GC) electrode
and this electrode modified with the corresponding chromo-
phores 1-6. The data in Figure 1 show that the modification of
the GC electrode leads to increased activity of HER relative to
the bare electrode. Interestingly, increase of the HER activity
dependent on the number of phenyl rings and degree of
conjugation was observed. The triphenylamine derivatives
(compounds 1 and 2) composed of six phenyl rings showed the
lowest catalytic activity, followed by the anthracene derivatives
composed of seven phenyl rings. In particular compound 6,
which proved to be the best catalyst among these chromo-
phores, composed of eight phenyl rings, displays a drop in the
onset potential for HER of more than 200 mV in comparison
with GCE.

O OH

Scheme 1. The six different chromophores based on triphenylamine (1 and 2), anthracene (3 and 4), and tetraphenylethylene (5 and 6).
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Figure 1. Polarization curves for hydrogen evolution in 0.5 M H,SO, on
various electrodes.

Furthermore, as can be seen in Figure 1, every derivative
that contains vinyl groups shows a slightly higher catalytic
activity towards HER compared to the non-vinyl-containing
analogue. These electrochemical studies indicate that the
hydrogen evolution is dependent on the degree of conjugation
in compounds 1-6.

The electrochemical stability of the electrode modified with
compounds 1-6 was confirmed by consecutive measurements.
After ten polarization sweeps the electrode retained a polar-
ization curve similar to the initial one. Experiments were also
repeated after the samples (catalysts on an electrode immersed
in 0.5M sulfuric acid aqueous solution) were kept in the
refrigerator for two weeks and only negligible loss of cathodic
current density was observed. Additionally, after the consec-
utive measurements, elemental analysis of the compounds was
repeated and confirmed that the compounds stayed intact.

In order to confirm the catalytic effect of 1-6, additional
experiments were conducted using the chromophores together
with platinum nanoparticles to study their photocatalytic
activity towards HER in an aqueous methanol solution.

Also, solid-state UV/Vis spectroscopy was applied in order to
get a better understanding of the photocatalytic activity
(Table 1). Although no correlation with the rate of hydrogen
evolution is observed, the photocatalytic experiments show
that the catalytic effect of the chromophores together with
platinum nanoparticles is closely related to the absorption of 1-
6 at 420 nm in the UV/Vis spectra (Figure 2). Compound 2 has
the most pronounced effect on the catalytic activity. This can
be attributed to strong interactions of the Pt nanoparticles with

Table 1. UV absorption (solid state) and hydrogen evolution rate of
compounds 1-6.7

Compound UV absorption Hydrogen evolution
solid state/ nm rate/pmol min™'

Compound 1 400 426

Compound 2 410 328

Compound 3 390 27.6

Compound 4 405 134

Compound 5 410 9.5

Compound 6 420 23.8

€ For experimental details see Supporting Information.
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Figure 2. Correlation between the absorption at 420 nm and catalytic
activity in HER.

N-containing groups.'®”" Although, to the best of our knowl-
edge, there is no literature supporting the fact that Pt
nanoparticles modified with N-containing conjugated mole-
cules enhance the catalytic activity towards HER, it has been
proven that the presence of N—eentaining functional groups
can lead to a high dispersion of Pt nanoparticles with a
synergistic interaction of Pt and support, resulting in improved
catalytic activity and durability toward oxygen reduction
reaction and methanol oxidation reaction."®

This effect is most pronounced for the tetraphenylethylene
compounds (compounds 5 and 6), where the vinyl-containing
chromophore showed a three-fold increased catalytic effect
towards HER compared to the non-vinyl analogue. A similar
effect can be observed for the absorption at 420 nm. In the
case of the anthracene-based functional dyes (compounds 3
and 4), the catalytic rate of the non-vinyl group-containing
compound is higher than the vinyl group-containing one, and
so is the absorption at 420 nm. The same effect is found for the
triphenylamine-based functional dyes (compounds 1 and 2).

In conclusion, organic conjugated chromophores (1-6, Fig-
urg 1) can act as electrocatalysts for hydrogen evolution from
water in acidic electrolytes and also in photocatalytic hydrogen
generation from aqueous methanol solution in combination
with platinum nanoparticles. When applied alone, these
chromophores show a linear dependence g their catalytic
activity from their degree of conjugation. It appears that
interactions between these chromophores and platinum nano-
particles occur that are closely related to their activity. A
correlation between the absorption at 420 nm and the catalytic
activity of the chromophores in HER was observed. However,
attempts to correlate the electronic structure with the catalytic
activity were unsuccessful. Thus, while this is a very interesting
observation, an explanation is still pending at this time.
Nevertheless, these chromophores show potential to support
hydrogen generation utilizing renewable energy sources such g
wind or sunlight.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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The content of the Sl includes the synthesis of compounds 2, 4
and 6, crystallographic data for compounds Me;-2 and Me,-6,
experimental details of the electrochemical and photocatalytic
experiments, solid-state and solution (in dichloromethane) UV/
Vis spectra of compounds 1-6.

Acknowledgements

We gratefully acknowledge financial support from Leipzig Univer-
sity and the DAAD (doctoral grant to AA, GSSP),

Keywords: hydrogen evolution . chromophores
electrocatalysis - platinum nanoparticles - photocatalysis

[1] N. Armaroli, V. Balzani, ChemSusChem 2011, 4, 21-36.
[2] J. Zhang, Y.Z hao, X. Guo, C. Chen, C. L. Dong, R. S. Liu, C. P. Han, Y. Li, Y.
Gotosi, G. Wang, Nature Catal. 2018, 1, 985-992.

[3] E. Alonso, F.R. Field, R.E. Kirchain, Environ. Sci. Technol. 2012, 46,
12986-12993.

a) N. Kaeffer, J. Massin, C. Lebrun, O. Renault, M. C. Kerlidou, V. Artero, J.
Am. Chem. Soc. 2016, 138, 12308-2311; b) R.S. Sprick, J. X. Jiang, B.
Bonillo, S. Ren, T. Ratvijitvec, P. Guilgion, M. A. Zwijenburg, D. J. Adams,
A. Cooper, J. Am. Chem. Soc. 2015, 137, 3265-3270; c) B. C. Patra, S.
Khilari, R. N. Manna, S. Mondal, D. Pradhan, A. Pradhan, A. Bhaumik, ACS
Catal. 2017, 7, 6120-6127; d) M. G. Schwab, M. Hamburger, X. Feng, J.
Shu, H.W. Spies, X. Wang, M. Antonietti, K. Mullen, Chem. Commun.
2010, 46, 8932-8934; e) Y. Sun, Y. Sun, C. Dall’Agnesse, X. F. Wang, G.

[4

I Open Access )
< ChemistryOPEN

o Communications

Chen, O. Kitao, H. Tamiaki, K. Sakai, T. Ikeuci, S. Sasaki, ACS Appl. Energy
Mater. 2018, 1, 2813-2820; f) K. Kong, S. Zhang, Y. Chu, Y. Hu, F. Yu, H.
Ye, H. Ding, J. Hua, Chem. Commun. 2019, 55, 8090-8093; g) C. Ye, J. Li,
H. Wu, X. Li, B. Chen, C. Tung, L. Wu, ACS Appl. Mater. Interfaces 2018,
10, 3515-3521; h)R.S. Sprick, B. Bonillo, M. Sachs, R. Clowes, J.R.
Durrant, D.J. Adams, A.l. Cooper, Chem. Commun. 2016, 52, 10008-
10011.

[5] a) A. Kohler, J.S. Wilson, R. H. Friend , Adv. Mater. 2002, 14, 701-707;
b) G. M. Farinola, R. Ragni, Chem. Soc. Rev. 2011, 40, 3467-3482.

[6] N.A.Romero, D. A. Nicewicz, Chem. Rev. 2016, 116, 10075-10166.

[7] R. S. Sprick, J. Jiang, B. Bonillo, S. Ren, T. Ratvijitvech, P. Guiglion, M. A.
Zwijnenburg, D.J. Adams, A.l. Cooper, J. Am. Chem. Soc. 2015, 137,
3265-3270.

[8] V.S. Vyas, V. W. Lau, B. V. Lotsch, Chem. Mater. 2016, 28, 5191-5204.

[9] S. Yanagida, A. Kabumoto, K. Mizumoto, C. Pac, K. Yoshino, J. Chem. Soc.
Chem. Commun. 1985, 474-494.

[10] H.L.Wu, X.B. Li, C. H. Tung, L. Z. Wu, Adv. Sci. 2018, 5, 1700684.

11] Q. Lv, L. G. Feng, C. Q. Hu, C. P. Liu, W. Xing, Catal. Sci. Technol., 2015, 5,
2581-2584.

[12] J. Xiong, W. Cai, W. Shi, X. Zhang, J. Li, Z. Yang, L. Feng, H. Cheng, J.
Mater. Chem. A 2017, 5, 24193-24198.

[13] M. H. Hansen, L. A. Stern, L. Feng, J. Rossmeisl, X. Hu, Phys. Chem. Chem.
Phys. 2015, 17, 10823-10829.

[14] Y. Yan, B.Y. Xia, B. Zhao, X. Wang, J. Mater. Chem. A 2016, 4, 17587-
17603.

15] R. Sekiya, S. Nishikiori, K. Ogura, Inorg. Chem. 2006, 45, 9233-9244.

16] Y. Chen, J. Wang, H. Liu, R. Li, X. Sun, S. Ye, S. Knights, Electrochem.
Commun. 2009, 11, 2071-2076.

[17] F. Su, Z. Tian, C. K. Poh, Z. Wang, S. H. Lim, Z. Liu, J. Lin, Chem. Mater.
2010, 22, 832-839.
[18] Y. Shao, J. Sui, G. Yin, Y. Gao, Appl. Catal. 2008, 79, 89-99.

Manuscript received: February 11, 2020
Revised manuscript received: March 11, 2020

ChemistryOpen 2020, 9, 1-5 www.chemistryopen.org

4

These are not the final page numbers! 77

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA


https://doi.org/10.1002/cssc.201000182
https://doi.org/10.1021/es301110e
https://doi.org/10.1021/es301110e
https://doi.org/10.1021/jacs.6b05865
https://doi.org/10.1021/jacs.6b05865
https://doi.org/10.1021/ja511552k
https://doi.org/10.1021/acscatal.7b01067
https://doi.org/10.1021/acscatal.7b01067
https://doi.org/10.1021/acsaem.8b00380
https://doi.org/10.1021/acsaem.8b00380
https://doi.org/10.1021/acsami.7b14896
https://doi.org/10.1021/acsami.7b14896
https://doi.org/10.1039/C6CC03536A
https://doi.org/10.1039/C6CC03536A
https://doi.org/10.1039/c0cs00204f
https://doi.org/10.1021/acs.chemrev.6b00057
https://doi.org/10.1021/ja511552k
https://doi.org/10.1021/ja511552k
https://doi.org/10.1021/acs.chemmater.6b01894
https://doi.org/10.1039/c39850000474
https://doi.org/10.1039/c39850000474
https://doi.org/10.1002/advs.201700684
https://doi.org/10.1039/C5CP01065A
https://doi.org/10.1039/C5CP01065A
https://doi.org/10.1039/C6TA08075H
https://doi.org/10.1039/C6TA08075H
https://doi.org/10.1021/ic0605367
https://doi.org/10.1016/j.elecom.2009.09.008
https://doi.org/10.1016/j.elecom.2009.09.008
https://doi.org/10.1016/j.apcatb.2007.09.047
https://doi.org/10.1016/j.apcatb.2007.09.047
EHH
Inserted Text
 MAA acknowledges computational resources on Thomas via UK's HEC Materials Chemistry Consortium, which is partially funded by EPSRC (EP/P020194).



kK Open Access )
{®»ChemPubSoc < ChemistryOPEN

Dt Europe e e Communications

COMMUNICATIONS

The catalytic activity towards
hydrogen evolution of three rigid
and three flexible vinyl groups-con-
taining chromophores was confirmed
by electrochemistry (electrode
modified with chromophores) and
photocatalysis (chromophores
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Do the degree of conjugation and absorption of organic chromophores have an effect on the catalytic
activity in hydrogen evolution reactions? Check out the work of our Board Chair @HayHawkins
@UniLeipzig
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