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ABSTRACT ARTICLE HISTORY
A novel, efficient total synthesis of a series of pterindithiolenes (15, 16, Received 17 January 2018
17 and 18) [(5,6-dihydro-[1,4]dithiin or 6,7-dihydro-5H-[1,4]dithiepin

: . s KEYWORDS
systems respectively for six and seven membered dithiolenes] has Moco: six and seven
been reported. The six membered quinoxaline thioketal 9 and seven membered
membered quinoxaline dithiolene 11 have also been synthesized from pterindithiolenes; six
quinoxaline acetylenic alcohol 5 and the corresponding acetylenic membered quinoxaline
ketone 10 respectively. The synthesis of five membered pterin dithiolenes
thioketals 12 and 13 along with the conversion of 13 to the dithiolene
14 by the reaction with NBS is also reported.
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Introduction

All molybdenum-containing enzymes!'"! except nitrogenase, complex the metal through the

enedithiol moiety attached to a unique pterin nucleus termed molybdopterin (MPT)."?! The
molybdopterin derivatives Form A, Form B, urothione and camMPT have been isolated™*
and the suggested ligation of molybdenum to sulphur ligands of molybdopterin is in
accordance with the results of EXAFS (Extended X-ray Absorption Fine Structure)
studies.’® The isolated C(6)-substituted pterins possess unsaturated carbon atoms a and
B to the pterin ring. Sulfur functionalities are associated with these unsaturated carbons
in camMPT, Form B and urothione and the formation of these compounds is consistent
with the decomposition of proposed 1,2-ene-dithiolate structure of Moco.!*"

Extensive review articles have been devoted to the discussions of biochemistry,
spectroscopy, mechanism and recent advances of the Moco containing enzymes and the
structure of the Moco."??) Several oxidative degradation products of molybdopterin have
been isolated. The basic structure of the molybdenum cofactor (Moco) is shown in
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Figure 1. Basic structure of the Moco.

Figure 1. Two of these derivatives, Form A and Form B are the oxidative degradation
products of the cofactor. Urothione, the third derivative, is a metabolic product of the
molybdopterin excreted in urine. The fourth one, camMPT was obtained by the
carboxamidomethyl derivatisation of the cofactor. The structures of the Form A,
Form B, urothione and the dephospho Form A (in its homochiral form) have been
confirmed by the chemical synthesis by Taylor et al.”>?*! The decomposition of
Moco-containing molybdoenzymes was carried out in absence of iodine and a degradation
product dephospho Form B was obtained which contains only one of the two sulfur atoms
present in molybdopterin itself, for which the structure is shown in Figure 2.

One of these oxidation products of Moco has been suggested to be a thieno[3,2-g]pterin,
termed Form B. The only sulfur-containing pterin natural product previously known is the
thieno[3,2-g]pterin derivative urothione, which was first isolated from human urine in
1940"*” and synthesized 27 years later in 0.3% yield from a pteridine intermediate.”***
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Figure 2. A tentative structure for the active cofactor.
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Urothione was ultimately assigned the structure (Figure 1) which received strong support
through comparison with deoxyurothione, which Taylor et al. synthesized several years ago
by an unambigous route,** and has been rigorously confirmed by direct comparison with
(4)-urothione prepared by a new and unequivocal total synthesis by his group.?* The
discovery that children suffering from biochemical abnormalities due to combined defi-
ciencies of sulfite oxidase and xanthine dehydrogenase lacked the active molybdenum
cofactor, and that their urine samples were devoid of urothione, confirmed that this latter
compound was the urinary metabolite of molybdenum cofactor.”*") On the basis of the
structural aspects of the degradation products; Form A, Form B and Urothione a tentative
structure for the active molybdenum cofactor, shown in the Figure 2 was proposed by
Johnson and Rajagopalan.®*>**) It is interesting to note that the protein crystallographic
studies have subsequently revealed the remarkable accuracy of these proposals.

Recently we published a convenient and concise total synthesis of thienopterins and (£)
Form B (dephospho) from the suitable acetylene moiety attached with pterin ring
system.*®! In this paper, we have shown the advantages of conjugated acetylene moiety
at the 6-position of the pterin system for thiophene annulation. We describe in this paper
a novel, concise and convenient total synthesis of pterindithiolenes (11, 14, 15, 16, 17 and
18) by a new direct dithiolene annulation from suitable alkyne substituted pterins.

Results and discussion

In our retrosynthetic strategy for dithiolene annulation, we conceptualized that direct
nucleophilic Michael attack by one sulphide ion of the dithiolate to the substituted
acetylene moiety at the 6-position of conjugated pterin ring could follow further attack
by the other sulphide ion under suitable reaction condition and variation of substituents
(steric hindrance and electronic factors around the triple bond) at the adjacent carbon
of acetylene moiety resulting direct dithiolene formation rather than preferring attack at
the same carbon (for formation of thioketal). Thus when pterin at its 6-position is
conjugated with suitably substituted acetylene moiety [e.g., more bulky TBDPS group
(for protection) at a or B hydroxy groups instead of TBDMS (smaller) or a methyl groups],
direct dithiolene annulation was observed as a reality. In case of other pterin alkyne
substrates having no such bulky TBDPS groups, thioketals are formed as usual which
however can be converted to the desired dithiolenes by known NBS reaction. Similarly
we anticipated direct dithiolene annulation onto pterin from suitable pterin alkynes in
one step by simply sulphide ion (a very strong nucleophile). Thus we wanted to utilize
the advantages of the unique pterin system [electron withdrawing as well as easy
conversion of the possible corresponding pterin anion (negative charge at N5) formed
by nucleophilic attack by sulphide to the triple bond or subsequently produced
dihydropterin (by acceptance of protons from excess thiol used or during aqueous
work-up) to aromatized pterin by oxidation (unique redox property of pterin)] as well
as conjugated acetylene moiety at the 6-position.

Following the above synthetic strategy, we wanted to synthesize the suitable alkyne
substituted pterins for our goal to reach the stable pterin dithiolenes and thienopterin.
While a broad range of N-pivaloylated-C(6)-alkyne substituted pterin (PPt-C = C-CHRR,
where - Ppt is 2-N-pivaloylpterin)®’~?' and C(2)-alkyne substituted quinoxalines
(Quin-C = C-CH(OH)Me) can be prepared, our discussion here is limited to the
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derivatives with R=H, R;=0SiMe,'Bu; R=Me, R;=O0SiPh,'Bu and R=OH,
R, = CH2081Ph2 Bu respectively for which we published the synthetic procedure in our
previous paper.*®! These R groups were selected since they possess four-carbon side chain
and should allow ultimate conversion to the proposed molybdopterin side chain.

Reagents and condition

(a) PA(OAc),, Cul, PPh;, Et;N, MeCN, 80 °C, 4 h. 85%; (b) Pd(OAc),, Cul, PPhs, Et;N,
MeCN, 60 °C, 4 h., 76%; (c) Pd(PPhs),, Cul, Et;N, MeCN, 60 °C, 3 h., 72%; (d) Pd(OAc),,
(o-tolyl);P, Cul, MeCN, 100 °C, 3.5 h., 62%.

Taylor and co-workers were the first to describe the synthesis of 2-alkynylquinoxalines
and 6-alkynylpteridines related to molybdopterin. The alkyne functionality in compounds
5-8 were prepared by a palladium catalyzed coupling reaction of the corresponding
terminal alkynes with C(6)-chloro-N-pivaloylpterin or C(2)-chloro-quinoxaline and the
compounds 5-8 were isolated in fair yield, as shown in Scheme 1. Compounds 5 and 8 were
prepared according to the procedure reported by Taylor and our group.!**"

Turning into a different approach, we have here synthesized the stable pterin dithiolenes
in 60 to 70% yield from the corresponding alkyne substituted pterin. The molybdenum
dithiolene ring as well as the underlying enedithiol moiety in Moco are unique among
the biomolecules hithertofore known. These functional groups pose a challenging unsolved
problem in natural product synthesis. A large number of complexes of Mo in various
oxidation states is known"***!! including complexes with thiols!*>**! and thio amino acids
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Scheme 1. Synthesis of alkyne substituted quinoxaline 5 and pterins 6, 7 and 8.
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e.g., cysteine.**] Reports have been made on molybdenum dithiolate!*>*”) and Mo-pterin
complexes.*®! The structures of many Mo- and W-enzymes have been investigated by
protein crystallography.!*”) The synthetic studies on pterin dithiolene system (pterin
substituted metal coordinated dithiolenes related to the molybdenum cofactor) have been
carried out by different research groups. Joule et al. have reported some model studies on
quinoxaline dithiolene and dithiolane compounds at the 2-position of quinoxaline."*"!

Reagents and condition

(a) 1,3-Propanedithiol, NaH, rt., 3 h., 73%; (b) CrO; / 25% H,SO,, acetone, 0 °C, 6 h., 75%;
(c) 1,3-Propanedithiol, NaH, 0 °C, 2 h.

At first, we have attempted our synthetic study on quinoxaline system (Scheme 2).
Thioketal compound 9 was easily prepared from 1,3-propanedithiol and compound 5 in
the presence of sodium hydride instead of 1,2-ene-dithiol moiety. The work of Oconnor
and Jones®! also suggested that a necessary condition for the success of the formation
of 1,2-ene-dithiol moiety is the presence of at least one electron-withdrawing substituent
on the alkyne.®® To activate the alkyne, the hydroxy group of compound 5 was oxidized
to the keto compound 10 by CrO; in 25% H,SO, (Jones’ reagent).[53] Compound 11
containing dithiolene moiety was isolated from the reaction of compound 10 with
1,3-propanedithiol in presence of NaH. However, our attempt to apply this reaction to
the pterin-substituted acetylene 6 (Scheme 3) resulted in obtaining the compounds
12 and 13 [hydroxy group protected by tert-butyldimethylsilyl (TBDMS)].

Reagents and condition

(a) 1,3-Propanedithiol, NaH, rt., 3 h., 82%; (b) NBS, CCly, rt., 8 h., 45%; (c) 1,2-ethane-
dithiol, NaH, rt., 3 h., 78%.

When the compound 13 is subjected to the reaction with NBS,"*! the desired dithiolene
compound 14 containing 1,2-ene-dithiol moiety was obtained in a good yield. A
mechanism for the formation of N-pivaloylpterin dithiolene is suggested in Figure 3.
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Scheme 2. Synthesis of quinoxaline thioketal 9 and dithiolene 11.
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Scheme 3. Synthesis of pterin thioketals 12, 13 and dithiolene 14.

Reagents and condition

(a) 1,2-ethanedithiol, NaH, dry THF, rt., 2 h., 76%; (b) 1,3-Propanedithiol NaH, dry THF,
rt., 2 h., 74%.

In continuation of our work, we have got the following interesting observation when the
hydroxy group adjacent to the alkyne moiety attached with pterin is protected with a bulky
silyl group i.e tert-butyldiphenylsilyl (TBDPS) instead of TBDMS group. The first direct
one step convenient and efficient synthesis of pterin dithiolenes 15 and 16 was achieved
from alkynylpterin 7 and 1,2-ethanedithiol or 1,3-propanedithiol respectively as shown
in Scheme 4. Also compounds 17 and 18 were isolated from alkynylpterin 8 and 1,2-etha-
nedithiol or 1,3-propanedithiol respectively as shown in Scheme 5. Probable mechanism

R1 14 R1

O
N
R= O HN | AN and R1 = /O\Sik
%)’L )\\ = / h
N N N
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Figure 3. Plausible mechanism for the formation of pterin dithiolene 14 by N-bromo succnimide (NBS).
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Scheme 4. New one step synthesis of pterin dithiolenes 15 and 16.

for the formation of 12 from 6 has been proposed!®'”! as in Figure 4 but different mode of

reaction in case of formation of 15 from 7 is probably due to steric factor surrounding the
reaction site.

Reagents and condition

(a) 1,2-ethanedithiol, NaH, dry THF, rt., 3 h., 74%; (b) 1,3-Propanedithiol, NaH, dry THF,
rt., 3 h., 72%.

Further possible ways of cleaving or exchanging the carbon atoms in the dithiine or
dithiepine system by a molybdenum-containing moiety or direct annulation of dioxomo-
lydenum dithiolene to alkynepterin 8 leading to the total synthesis of the Moco are being

investigated.
O
2 N)ENWO §<
oy @
7

Wﬁ% e
s

Scheme 5. New one step synthesis of pterin dithiolenes 17 and 18.
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Figure 4. Plausible mechanism for formation of 12.

This unique addition and cyclisation is successful only with pterin system (Figure 5) as
this cyclisation is found to be unsuccessful with quinoxaline system. Thus such electron
withdrawing character of pterin and oxidative more facile aromatization of partially
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Figure 5. Plausible mechanism for the formation of dithiolene-mediated pterin 18 from alkyne substi-
tuted pterin 8.
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reduced pterin to pterin may be the possible driving force behind the favorable dithiolene
formation from adjacent acetylene moiety of pterin system only.

Conclusion

In summary, we report here the synthesis of a new series of six and seven membered
pterindithiolenes for the development of molybdenum dithiolate and Mo-pterin
complexes. The dithiolene synthesis has evolved from a simple novel method of efficient
direct formation of C-S bond at the suitable acetylene moiety attached with pterin ring
system. Further possible ways of direct annulation of dioxomolybdenum dithiolene to
alkynepterin 8 leading to the total synthesis of the Moco are being investigated.

Experimental section
General experimental procedure for thioketals and dithiolenes

To a solution of 1,2 ethanedithiol/1,3-propanedithiol in dry tetrahydrofuran, sodium
hydride was added and stirred under nitrogen atmosphere for one hour. The alkyne
substituted pterin or quinoxaline in dry tetrahydrofuran was added dropwise to the
reaction mixture under nitrogen atmosphere and stirred for 6 hours at room temperature.
Tetrahydrofuran was removed under vacuum distillation and dichloromethane was added
to the solid and finally washed with water. The organic layer was separated and dried over
anhydrous sodium sulphate. Then the solvent was removed and the residue was purified by
column chromatography.

Acknowledgement

We also thank DST, India for the financial support. A. C. M thank UGC, India for research fellowship
and we appreciate mass spectral help from Professor Thomas Schrader, Universitatsstrasse 5, 45117
Essen, Germany .We also thank TCG Life Science Ltd, Kolkata for some NMR spectral support.

References

[1] Pateman, J. A.; Cove, D. J.; Rever, B. M.; Roberts, D. B. Nature 1964, 58, 201.

[2] Nason, A.; Antoine, A. D.; Ketchum, P. A.; Fraizer, W. A.; Lee, D. K. Proc. Natl. Acad. Sci. U. S.
A. 1970, 65, 137.

[3] Cramer, S. P.; Gray, H. B.; Rajagopalan, K. V. J. Am. Chem. Soc. 1979, 101, 2772.

[4] Berg,]. M.; Hodgson, K. O.; Cramer, S. P.; Corbin, J. L.; Elsberry, A.; Pariyadath, N.; Stiefel, E. I.
J. Am. Chem. Soc. 1979, 101, 2774.

[5] (a) Berg, J. M.; Hodgson, K.; Cramer, S. P.; Corbin, J. L.; Elsberry, A.; Pariyadath, N.; Stiefel, E.
L. J. Am. Chem. Soc. 1979, 101, 2774; (b) For recent study and leading references see Garrett, R.
M.; Rajagopalan, K. V. J. Biol. Chem. 1996, 271, 7387.

[6] (a) Basu, P.; Burgmayer, S. J. N. Coord. Chem. Rev. 2011, 255, 1016. (b) Leimkiihler, S.;
Wuebbens, M. M.; Rajagopalan, K. V. Coord. Chem. Rev. 2011, 255, 1129. (c) Hine, F. J.; Taylor,
A.J; Garner, C. D. Coord. Chem. Rev. 2010, 254, 1570. (d) Coughlan, M. P. In Molybdenum
and Molybdenum-Containing Enzymes, Coughlan, M. P., Ed.; Pergamon Press: London,
1980, pp 119-185.

[7] Garner, C. D.; Bristow, S. In Metal inns in Biology, vol 7, Spiro, T. G., Ed.; Wiley: New York,
1985; pp 343-410.

[8] Bray, R. C. Q. Rev. Biophys. 1988, 21, 299.

[9] Holm, R. H. Coord. Chem. Rev. 1990, 100, 183.



(36]

(37]
(38]

(39]

(40]
[41]
(42]
(43]
(44]
(45]

& A C.MAITY ET AL,

Rajagopalan, K. V. In Advances in Enzymology and Related Areas of Molecular Biology, Meister,
A, Ed.; John Wiley and Sons, New York, 1991, Vol. 64, pp 215.

Wootton, J. C.; Nicholson, R. E.; Cock, J. M.; Walters, D. E.; Bruke, J. F.; Doyle, W. A; Bray, R.
C. Biochim. Biophys. Acta 1991, 1057, 157.

Pilato, R. S.; Stiefel, E. 1. Bioinorganic Catalysis, Reedijk, J., Ed.; Marcel Dekker: New York,
1993, pp 131.

Goswami, S. Heterocycles 1993, 35, 1551.

Hille, R. Chem. Rev. 1996, 96, 2757.

Johnson, M. K.; Rees, D. C.; Adams, M. W. W. Chem. Rev. 1996, 96, 2817.

Collison, D.; Garner, C. D.; Joule, J. A. Chem. Soc. Res. 1996, 25, 25.

Rees, D. C.; Hu, Y.; Kisker, C.; Schindelin, H. J. Chem. Soc. Dalton Trans. 1997, 3909.
Stiefel, E. 1. J. Chem. Soc., Dalton Trans. 1997, 3915.

Kisker, C.; Schindelin, H.; Rees, D. C. Annu. Rev. Bichem. 1997, 66, 233.

Baugh, P. E; Collison, D.; Garner, C. D, Joule, J. A. Molybdenum Metalloenzymes. In
Comprehensive Biological Catalysis, Vol. 111, Sinnott M., Ed.; Academic Press, 1998, p. 377.
Hille, R; Retey, J.; Bartlewski-Hof, U.; Reichenbecher, W.; Schink, B. FEMS Microbiol. Rev.
1999, 22, 489.

Kisker, C.; Schindelin, H.; Baas, D.; Retey, J.; Meckenstock, R. U.; Kroneck, P. M. H. FEMS
Microbiol. Rev. 1999, 22, 503.

Taylor, E. C,; Sabb, A. L. J. Org. Chem. 1988, 53, 5839.

Taylor, E. C,; Reiter, L. A. J. Am. Chem. Soc. 1989, 111, 285.

(a) Taylor, E. C;; Ray, P. S; Darwish, I. S.; Johnson, J. L.; Rajagopalan, K. V. J. Am. Chem. Soc.
1989, 111, 7664; (b) Taylor, E. C.; Goswami, S. P. Tetrahedron Lett. 1991, 32, 7357.

(a) Johnson, M. E.; Rajagopalan, K. V. J. Bacterol. 1987, 169, 110. (b) Johnson, J. L.; Wuebbens,
M. M.; Rajagopalan, K. V. J. Biol. Chem. 1989, 264, 13440.

Koschara, W. Z. Phys. Chem. 1940, 263, 78; 1943, 277, 284; 1943, 279, 44.

Goto, M.,; Sakurai, A.; Yamakami, H. Nippon Kagaku Zasshi 1967, 88, 897; Chem. Abstr. 1968,
69, 52107.

Goto, M.; Sakurai, A.; Ohta, K.; Yamakami, H. Tetrahedron Lett. 1967, 8, 4507.

Goto, M.; Sakurai, A.; Ohta, K.; Yamakami, H. J. Biochem. 1969, 65, 611.

Sakurai, A.; Goto, M. Tetrahedron Lett. 1968, 9, 2941.

Sakurai, A.; Goto, M. J. Biochem. (Tokyo) 1969, 65, 755.

Taylor, E. C,; Reiter, L. A. J. Org. Chem. 1982, 47, 528.

(a) Taylor, E. C; Reiter, L. A. J. Am. Chem. Soc. 1989, 111, 285; (b) Johnson, J. L.; Waud, W. R;
Rajagopalan, K. V.; Duran, M.; Beemer, F. A;; Wadman, S. K. Proc. Natl. Acad. Sci. USA 1980,
77, 3715; (c) Johnson, J. L.; Rajagopalan, K. V. Proc. Natl Acad. Sci. USA 1982, 79, 6856.

(a) Johnson, J. L.; Hainline, B. E.; Rajagopalan, K. V.; Arison, B. H. J. Biol. Chem. 1984, 259,
5414; (b) Ushio, K; Ishizuka, M.; Kogushi, M.; Fukui, S.; Toraya, T. Biochem. Biophys. Res.
Commun. 1986, 135, 256.

Goswami, S. P.; Maity, A. C,; Chakraborty, S; Das, M. K.; Goswami, B. Tetrahedron Lett. 2013,
54, 2373.

Taylor, E. C,; Ray, P. S. J. Org. Chem. 1987, 52, 3997.

Bradshaw, B.; Collison, D.; Garner, C. D.; Joule, J. A. Org. Biomol. Chem. 2003, 1, 129; Chem.
Commun. 1998, 417.

(a) Pilato, R. S; Eriksen, K. E.; Greaney, M. A.; Stiefel, E. I.; Goswami, S.; Kilpatrick, L.; Spiro, T.
G.; Taylor, E. C.; Rheingold, A. R. J. Am. Chem. Soc. 1991, 113, 9372. (b) Taylor, E. C.; Dotzer,
R. J. Org. Chem. 1991, 56, 1816.

Mitchell, P. C. H. Coord. Chem. Rev. 1966, 1, 315.

Mitchell, P. C. H. Quart. Rev. 1966, 20, 103.

Busev, A. I. The Analytical Chem.of Mo; Daniel Davy and Co: New York, 1964.

Draganjac, M.; Coucouvanis, D. J. Am. Chem. Soc. 1983, 105, 139.

Spence, J. T.; Chang, H. Inorg. Chem. 1963, 2, 319.

Davidson, H.; Edelstein, N.; Holm, R. H.; Maki, A. H. J. Am. Chem. Soc. 1964, 86, 2799.



[46]

(53]

[54]

SYNTHETIC COMMUNICATIONS® 1639

Gruber, S.; Kilpatrick, L.; Bastian, N. R.; Rajagopalan, K. V.; Spiro, T. G. J. Am. Chem. Soc.
1990, 112, 8179.

Subramanian, P.; Burgmayer, S. J. N.; Richards, S.; Szalai, V.; Spiro, T. G. Inorg. Chem. 1990, 29,
3849.

Burgmayer, J. N; Stiefel, E. I. J. Am. Chem. Soc. 1986, 108, 8310.

(a) Dobbek, H.; Huber, R. Met. Ions Biol. Syst. 2002, 39, 227. (b) Burgmayer, S. J. N. Prog. Inorg.
Chem. 2003, 52, 491.

(a) Rowe, D. J; Garner, C. D.; Joule, J. A. J. Chem. Soc., Perkin Trans. I 1985, 1907. (b) Larsen,
L.; Garner, C. D.; Joule, J. A. J. Chem. Soc., Perkin Trans. I 1989, 2311. (c) Larsen, L.; Rowe, D.
J.; Garner, C. D.; Joule, J. A. J. Chem. Soc., Perkin Trans. 1 1989, 2317; (d) Armstrong, E. M.;
Austerberry, M. S.; Beddoes, R. L.; Helliwell, M.; Joule, J. A.; Gamer, C. D. Acta Crystallogr.,
Sect. C 1993, 49, 1764. (e) Beddoes, R. L.; Dinsmore, A.; Gamer, C. D.; Joule, J. A. Acta
Crystullogr., Sect. C 1997, 53, 213. (f) Dinsmore, A.; Birks, J. H.; Gamer, C. D; Joule, J. A. J.
Chem. Soc., Perkin Trans. 1 1997, 801. (g) Davies, E. S.; Beddoes, R. L.; Collison, D.; Dinsmore,
A.; Docrat, A.; Joule, J. A.; Wilson, C. R.; Garner, C. D. J. Chem. Soc., Dalton Trans. 1997, 3985.

] O’Connor, B. R;; Jones, F. N. . Org. Chem. 1970, 35, 2002.
] (a) Allred, G. D.; Liebskind, L. S. J. Am. Chem. Soc. 1996, 118, 2748. (b) Bradshaw, B.;

Dinsmore, A.; Collison, D.; Garner, C. D.; Joule, J. A. J. Chem. Soc., Perkin Trans. 1 2001,
3232. (c¢) Bradshaw, B.; Dinsmore, A.; Ajana Garner, C. D.; Joule, J. A. Chem. Commun.
1998, 417. (d) Gaunt, M. J.; Sneddon, H. F.; Hewitt, P. R;; Orsini, P.; Hook, D. F.; Ley, S. V.
Org. Biomol. Chem. 2003, 1, 15-16.

Bradshaw, B.; Dinsmore, A.; Ajana, W.; Collison, D.; Garner, C. D.; Joule, J. A. J. Chem. Soc.
Perkin Trans. 1 2001, 3239.

Arote, N. D.; Telvekar, V. N.; Akamanchi, K. G. Synlett 2005, 2005, 2935.



#® ROYAL SOCIETY
PPN OF CHEMISTRY

Analytical
Methods

PAPER

Dual-mode chemosensor for the fluorescence
detection of zinc and hypochlorite on a fluorescein
backbone and its cell-imaging applicationsy
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Fluorescein coupled with 3-(aminomethyl)-4,6-dimethylpyridin-2(1H)-one (FAD) was synthesized for the
selective recognition of Zn®* over other interfering metal ions in acetonitrile/aqueous buffer (1 :1).
Interestingly, there was a significant fluorescence enhancement of FAD in association with Zn?* at 426 nm by
strong chelation-induced fluorescence enhancement (CHEF) without interrupting the cyclic spirolactam ring.
A binding stoichiometric ratio of 1:2 for the ligand FAD with metal Zn?>* was proven by a Jobs plot.
However, the cyclic spirolactam ring was opened by hypochlorite (OCL™) as well as oxidative cleavage of the
imine bond, which resulted in the emission enhancement of the wavelength at 520 nm. The binding
constant and detection limit of FAD towards Zn®* were determined to be 1 x 10* M™! and 179 pM,

respectively, and the detection limit for OCl™ was determined as 2.24 uM. We introduced here a dual-mode
Received 27th May 2022

Accepted 17th June 2022 chemosensor FAD having both the reactive functionalities for the simultaneous detection of Zn?* and OCI™

by employing a metal coordination (Zn®**) and analytes (OCl7) induced chemodosimetric approach,
respectively. Furthermore, for the practical application, we studied the fluorescence imaging inside Hela cells
by using FAD, which demonstrated it can be very useful as a selective and sensitive fluorescent probe for zinc.
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Introduction

Fluorescent probes can be potentially useful for the detection of
biologically important analytes by significant changes of the
absorption as well as the emission signal intensities. To enrich
the understanding of different biological phenomena, the
design and synthesis of the new fluorescent backbones and the
corresponding approaches for the selective detection of various
analytes through optical sensing are key areas of interest in
biology. In this respect, the most common approach is to inte-
grate a fluorescence molecule with an appropriate channel for
signal transduction with an additional functionality having
high selectivity and sensitivity towards the desired analyte.
Therefore, fluorometric detection is attracting growing interest
for trace chemical selective detection due to its simplicity as
well as high sensitivity. In particular, “turn-on and turn-off’-type
sensors have been attracting growing interest recently for their
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particular advantages over other reported chemosensors due to
their unambiguous assignment in detection processes.* In this
respect fluorescein dyes are very important as bio-labelling
reagents. Moreover, they have excellent photophysical proper-
ties, such as long wavelength absorption and emission maxima
with a high fluorescence quantum yield and light stability. In
addition, among the common fluorescent probes, fluorescein
derivatives are non-toxic and can be readily prepared.>* Most of
the fluorescein-based chemosensors are non-fluorescent due to
the closed spirolactam structure, but analytes can induce the
opening of the spirolactam ring, resulting in the appearance of
strong green fluorescence, which is referred to as a ‘turn-on’
fluorescent chemosensor.®* However, the beauty of our present
chemosensor, fluorescein coupled with 3-(aminomethyl)-4,6-
dimethylpyridin-2(1H)-one (FAD), revealed a quite different
mode of sensing with the simultaneous detection of the metal-
ion zinc and anionic reactive oxygen species (ROS), like hypo-
chlorite (HOCI). Among the most reactive oxygen (ROS) and
reactive nitrogen species (RNS),® hypochlorite anion (OCI™) and
its protonated form hypochlorous acid (HOCI) are the biologi-
cally most important reactive oxygen species (ROS).” As an
oxidant OCl™ is very much reactive and sensitive to chemo-
sensors having various oxidizable auxochromic groups, like p-
methoxyphenol, thiol, dibenzoylhydrazine, hydroxamic acid,
oxime derivatives, and imine bonds.®

Among the metal cations, Zn*', the second-most abundant
transition-metal ion in the human body, is a particularly

Anal. Methodss, 2022, 14, 2739-2744 | 2739
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Scheme 1 . Synthesis of FAD. Reagents and conditions: (a) aqueous
NHs, H,, RANEY® Ni, in MeOH, rt, 5 h, (b) TFA/AcOH, urotropine,
90 °C, 24 h and (c) reflux in ethanol, 24 h.

significant metal ion since it plays a role in a range of physio-
logical and pathological processes, such as epilepsy, ischaemic
stroke, Alzheimer’s disease, and infantile diarrhoea, and is also
a potent Kkiller of neurons via oxidative stress.” On the other
hand, zinc is an essential element for normal human growth as
well as for the development of the body. Although, the structural
chemistry of Zn>" is well understood, many questions related to
zinc homeostasis and action remain unanswered. Thus, it is
appealing to make zinc “visible” in tissues, even in living cells.*
Therefore the development of various fluorescent chemo-
sensors for the selective detection of Zn>" by in vitro and in vivo
study has received great attention in recent years.'>*> Though
a number of excellent zinc sensors have been reported so far,
the design of new sensors with better selectivity as well as
sensitivity is still an active area of work.***®

Herein, we developed a chemosensor FAD based on the fluo-
roquinolonic properties of the well-known fluorescein framework
for the sensing of Zn** and OCI” by a dual-mode pathway.
Significantly the sensing of zinc by FAD is reported here in mixed
aqueous solution through the fluorescence response with an
unusual sensing manner in fluorescein. We devised a general
methodology for preparing fluorescent sensors that is based on
the fluorescein framework. FAD was synthesized by the reaction
between fluorescein dialdehyde (compound 2) and the amine
(compound 1) as shown in Scheme 1. The chemical structures of
FAD and all the intermediates were established through spectro-
scopic studies, including "H NMR and mass (ESI) spectroscopy.

Results and discussions

UV-vis and fluorescence study

The sensing abilities of FAD (c = 1 x 10> M) in acetonitrile/
aqueous HEPES buffered (1:1, pH 7.2) solution towards
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Fig.1 UV-vis spectra of FAD (c = 1 x 107> M) in acetonitrile/aqueous
HEPES buffered (1 : 1, pH 7.2) solution upon titration with Zn*t (c=2 x
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Fig.2 (a) Fluorescence spectra of FAD (c = 1 x 107> M) in acetonitrile/
aqueous HEPES buffered solution (1 : 1, pH 7.2) solution upon titration
with Zn2* (c = 2 x 10™* M). (b) Plot of the concentration of Zn®* vs. the
fluorescence intensity changes of FAD at a wavelength of 426 nm.

various metal ions (c = 2 x 10~* M) were studied by means of
the UV-vis as well as fluorescence spectra. Fig. 1 shows the
absorbance changes of FAD upon the gradual addition of Zn>".
The UV-vis spectrum of FAD showed the characteristic absorp-
tion band for the wavelength maximum at 400 nm, which upon
the gradual addition of Zn>" was suppressed, whereas a new
absorption peak at 500 nm was intensified, but no visible colour
change was observed. Two well-defined isosbestic points
appeared at 372 and 450 nm, respectively, in the presence of
zinc ions, signifying the definite complexation between Zn>*
and FAD, which indicated also the formation of a new charge-
transfer complex with specific coordination numbers between
the receptor FAD and the metal-ion Zn** and this was also
responsible for the generation of a significant fluorescence
enhancement in the emission spectra.

For visualizing ions at the molecular level, fluorescent
sensors are very important and useful tools. Such sensors create
a perceptible luminescent signal upon selective binding with
the desired analyte. Very careful modification on the molecular
probes can also provide a way to study the biological relevance
of any intracellular metal ions.*® Therefore, the utility of FAD as
a Zn** sensor using its fluorescence characteristics was also
studied in acetonitrile/aqueous HEPES buffered solution (1 : 1,
pH 7.2) (c =1 x 10> M) with various competing metal ions (c =
2 x 107" M).

As shown in Fig. 2a, upon excitation at 370 nm, the almost
non-fluorescent FAD itself showed very weak emission signals
around at 420 nm and 527 nm, which upon the gradual addition

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Bar diagram of the fluorescence response of the receptor
FAD (c = 1.0 x 107> M) at 426 nm wavelength in acetonitrile/aqueous
HEPES buffered solution (1 : 1, pH 7.2) solution upon titration with 5.0
equiv. of each of the different guest cations (c = 2.0 x 10~% M). (b)
Metal-ion selectivity profile of the sensor FAD (10 pM) with bar-scale
representation: (blue bars) change of emission intensity of the sensor +
5.0 equiv. of different interfering metal ions (M""); (yellow bars) change
of emission intensity of the sensor FAD + 5.0 equiv. of various inter-
fering M™", followed by 5.0 equiv. Zn®* at 426 nm.

of Zn®>* were suppressed along with increase in the emission
intensities by 7-fold over the dual emission bands at wave-
lengths of 402 and 426 nm, respectively. The significant changes
of the fluorescence intensity of FAD at 426 nm wavelength with
the gradual addition of Zn”* is shown in Fig. 2b.

Selectivity test and competition experiments

For the selectivity test of FAD with various interfering metal
ions, fluorescence experiments were performed with the co-
existence of different interfering metal ions. But no significant
fluorescence response was observed in the presence of other
interfering metal ions, including Hg**, Ni**, Cr**, Cu®’, Pb*",
Co®", Mn**, Cd**, and Fe®". Fig. 3a displays the change in the
emission spectra of the receptor FAD in the presence of all the
mentioned metal ions, but only strong fluorescence enhance-
ment occurred in the presence of Zn®'. The changes in fluo-
rescence intensity of the receptor FAD at 426 nm for the various
metal ions is shown by the various red bars. The longest length
of the red bar indicated the strong fluorescence enhancement of
FAD upon binding with Zn>" as compared to the other inter-
fering metal ions, which showed smaller red bars length.

To further explore the selectivity of FAD for Zn>*, the
competition experiments were also carried out in the presence
of Zn*" mixed with other interfering metal ions, including Hg>",
Ni**, cr®t, cu*', Pb**, Co?', Mn?", Cd*", and Fe*". As shown in
Fig. 3b, the fluorescence enhancement of FAD upon binding
with Zn>" was unperturbed (yellow bars) and the other inter-
fering metal ions did not interfere with the sensing of Zn>" (blue
bars). This indicated that the receptor FAD was highly sensitive
for the selective detection of Zn>" in the presence of the other
interfering metal ions.

Dual-mode binding mode of FAD

Since the sensor FAD contains two modes of binding func-
tionalities, we employed two different binding sites for sensing
two different analytes utilizing two pathways as mentioned
below:

This journal is © The Royal Society of Chemistry 2022
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Scheme 2 Schematic representation of the dual-mode binding of
FAD with Zn?* (aqua colour region) by chelation and OCI™ (green and
aqua colour regions) by a chemodosimetric approach.

(i) The metal coordination inside the cavities (Scheme 2,
aqua circle) constructed by fluorescein hydroxy, imine nitrogen,
and the participation of the carbonyl group of the pyridine
moieties.

(ii) An analyte-induced chemodosimetric approach by the
opening of the cyclic spirolactam ring (green circle) as well as by
oxidative cleavage of the “C=N” group of FAD (red coloured in
Scheme 2).

Herein, we utilized this bimodal chemosensor for the
sensing of metal ions or cations through pathway (i) and, on the
contrary, the opening of the spirolactam ring as well as oxida-
tive cleavage of “C=N” group of FAD by sensing various anions
or reactive species by pathway (ii), as explained in detail below.

Probable binding mode of FAD with Zn>" in the solution
phase

To find out the plausible mechanism of the binding stoichi-
ometry between Zn>* and FAD, Job plot analysis was carried out.
The results obtained from the Job plots indicated the 1:2
stoichiometry for the complexation between FAD and Zn**,
respectively (Fig. S1, ESIt). From the knowledge of the binding
stoichiometry and spectral studies, the probable binding mode
is proposed, as shown in Scheme 2. Moreover, there was no
enhancement in the emission intensity at the near wavelength
range at about 500-550 nm upon binding with Zn**, which
indicated the existence of the cyclic spirolactam ring, while the
cavities formed by fluorescein dialdehyde coupled with 3-
(aminomethyl)-4,6-dimethylpyridin-2(1H)-one were responsible

Weak fluorescence

dem = 426 nm

“em

Strong fluorescence

Scheme 3 Probable binding mode of FAD with Zn®*.
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Fig.4 (a) Fluorescence spectra of FAD (c = 1 x 10~> M) in acetonitrile/
aqueous HEPES buffered solution (1 : 1, pH 7.2) solution upon titration
with OCL™ (c = 2 x 10~* M). (b) Concentration vs. FL. intensity changes
plot of FAD with OCl™ at 426 nm wavelength.

for binding with Zn** (Scheme 3). The strong chelation by the
coordination of Zn>" inside the cavities (aqua colour in Scheme
2) of FAD constructed by fluorescein hydroxy, imine nitrogen,
and the participation of the carbonyl group of the pyridine
moieties resulted in forming a semi-rigid cavity with four
coordination sites (three from the ligand and one from the
solvent), which was also well suited to fitting the target zinc
metal ion and forming a FAD-Zn>* complex in mixed aqueous
media.

Thus, Zn*" coordination leads to the chelation-induced
fluorescence enhancement (CHEF) and strong ICT
(intramolecular/intermolecular charge transfer) within the
molecule, which causes the generation of high fluorescence
upon metal binding (FAD-Zn>*, Scheme 3). The complex
formation of FAD with Zn** was verified by the association
constant value, which was as determined 1 x 10* M~" (Fig. S2,
ESIT).>* Moreover, the Job’s plot, which exhibited a maximum at
0.3 M fraction of host, further indicated that only a 1:2
complex was formed between FAD and Zn>* respectively
(Fig. S1, ESI}). From the fluorescence titration experiments, the
detection limit of the receptor FAD for Zn>" was determined to
be 1.79 uM, using the equation DL = K x Sb,/S, where K= 3, Sb,
is the standard deviation of the blank solution, and S is the
slope of the calibration curve (Fig. S3, ESI}).*

Probable binding mode of FAD with OC1™ in the solution
phase

To justify the binding mode of Zn** with FAD, we performed
a fluorescence study of FAD with OCI . Interestingly the hypo-
chlorite anion (OCl ™), one of the reactive oxygen species (ROS)
showed a very strong emission signal at 520 nm (Fig. 4a), and
the emission intensity gradually increased by 13-fold upon the
incremental concentration of OCI™ into the FAD (c = 1 x 107°
M) in acetonitrile/aqueous HEPES buffered solution (1 : 1, pH
7.2) (Fig. 4b). The appearance of the strong emission signal in
the wavelength range near 500-550 nm indicated the rupture of
the spirolactam ring of fluorescein by the gradual addition of
OCI™ throughout the process.

The probable mechanism for this can be explained by the
chemodosimetric approach through the OCIl -induced oxida-
tive cleavage of the “C=N” group of FAD, which resulted in
hydrolysis of the imine bond through intermediate 1 and

2742 | Anal. Methods, 2022, 14, 2739-2744
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Scheme 4 Probable sensing mechanism of OCL™ by the chemosensor
FAD.

intermediate 2 to produce fluorescein dialdehyde (FAD)
(Scheme 4). Simultaneously, due to the basic character/
oxidative properties of hypochlorite, the opening of the spi-
rolactam ring was verified the appearance of an emission signal
at 520 nm, which corresponded to the opened-structure fluo-
rescein.”® Opening of the spirolactam ring and the hydrolysis of
the imine bonds resulted in the appearance of the strong fluo-
rescence. From the fluorescence titration experiments, the
detection limit of the receptor FAD for OCl~ was determined to
be 2.24 uM (Fig. S4, ESIY).

Practical application
Cell imaging

Owing to the favourable binding properties of FAD with Zn>"
and intense emission in the visible region, it was thought that it
could be exploited for practical bio-imaging, particularly for the
sensitive detection of intracellular Zn>". In order to determine
the membrane permeability of the FAD and its ability to
specifically bind the Zn*" ions in living cells, human cervical
cancer cells (HeLa) were taken for testing the fluorescence of
FAD with ZnCl,. HeLa cells were grown in a medium containing
heat-inactivated FCS (10%; v/v), DMEM, streptomycin (100 U
mL™"), and penicillin (0.1 mg mL™") at 37 °C.

Confluent cells were trypsinized and seeded in 6-well plates
at a density of 1 x 10° cells per cm®. After 24 h cell seeding, the
cells were treated with FAD (¢ = 1 x 10> M) and different
concentrations of ZnCl, (2 x 107" M, 3 x 107* M, 4 x 10~ * M)
and FAD alone (¢ = 1 x 10> M). After 2 h, the cells were washed
with phosphate buffer saline and fresh medium was added to

This journal is © The Royal Society of Chemistry 2022
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Fig.5 Hela cells showed no fluorescence in the (a) bright field image,
(b) dark field image. Hela cells showed intense green colour in the
presence of both FAD (c = 1 x 107> M) and ZnCl, (c = 2 x 107" M) in
the (c) bright field image, (d) dark field image. The photographs were
taken using a DeWinter Victory-FL fluorescence inverted microscope
using DeWinter Biowizard software v 4.4 using 40X.

each well and pictures were taken with a fluorescent micro-
scope, as shown in Fig. 5. In the absence of Zn>', the cells
exhibited no fluorescence in the presence of the ligand FAD only
(Fig. 52 and b), but the addition of Zn>" to the ligand-incubated
cells resulted in the appearance of significant green fluores-
cence inside the cells, corresponding to the same fluorescence
colour that appeared in the in vitro study by fluorescence
spectroscopy (Fig. 5¢ and d).

Experimental
General

The chemicals and solvents were purchased from Sigma-Aldrich
Chemicals Private Limited and were used without further
purification. Melting points were determined on a hot-plate
melting point apparatus with open-mouth capillary and were
uncorrected. *"H-NMR spectra were recorded on a Brucker 500
MHz instrument. For the NMR spectra, DMSO was used as
a solvent with TMS as an internal standard. Chemical shifts are
expressed in 3 units and "H-"H coupling constants in Hz. UV-vis
titration experiments were performed on a JASCO UV-V530
spectrophotometer and fluorescence experiments were done
using a PerkinElmer LS 55 fluorescence spectrophotometer with
a fluorescence cell of 10 mm path.

General methods for the Uv-vis and fluorescence titrations

For the Uv-vis and fluorescence titrations, stock solution of the
sensor (FAD) were made in acetonitrile/aqueous HEPES buff-
ered solution (1 : 1, pH 7.2) solution (¢ = 1 x 10~> M). Solutions
of the guest cations were prepared (2 x 10”* mL™") in water.
The original volume of the sensor solution was 2 mL. Solutions
of the sensor of various concentrations and increasing
concentrations of cations were prepared separately. The spectra
of these solutions were recorded by means of UV-vis methods.

This journal is © The Royal Society of Chemistry 2022
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Method for the preparation of the target ligand FAD

Synthesis of 3-(aminomethyl)-4,6-dimethylpyridin-2(1H)-one
(compound 1).** 3-Cyano-2,4-dimethyl-2-hydroxypyridine (0.3 g,
2.0 mmol) was dissolved in MeOH (5 mL), to which a catalytic
amount of RANEY® Ni and aqueous NH; (0.3 mL) were added
and the reaction mixture was stirred under hydrogen pressure
(bladder pressure) for 5 h. After completion of the reaction, the
catalyst was filtered off and the filtrate was concentrated under
reduced pressure. The residue was thoroughly dried to provide
the desired product (0.3 g, quantitative yield).

Compound 1: '"H NMR (500 MHz, d¢-DMSO): 3 2.18 (s, 3H),
2.20 (s, 3H), 3.81 (s, 2H), 6.10 (s, 1H), 8.00 (br s, 2H), 11.81 (br s,
1H).

Synthesis of 2',7-dichlorofluorescein (DCF) dialdehyde
(compound 2):>* DCF (3.15 g, 7.87 mmol) and urotropine
(5.35 g, 37.55 mmol) were dissolved in trifluoroacetic acid (13
mL). The mixture was stirred and heated to 90 °C for 24 h and
the mixture became sticky. Acetic acid solution (10 M in water,
100 mL) was added, and then the mixture was stirred overnight
at 25 °C. The solid precipitate was filtered on a Biichner funnel
and then washed three times with water. After drying under an
infrared lamp under vacuum, crude DCF dialdehyde was ob-
tained as a red solid (4 g).

Compound 2: "H NMR (500 MHz, dg¢-DMSO): d 12.45 (brs,
2H), 10.68 (s, 2H), 8.18 (d, J = 8.00 Hz, 1H), 7.82 (m, 3H), 7.41 (s,
1H), 7.22 (s, 1H).

Synthesis of the target ligand FAD. DCF dialdehyde (0.500 g,
1.09 mmol) and compound 1 (332.87 g, 2.18 mmol) were dis-
solved in EtOH (50 mL). The reaction mixture was stirred under
reflux conditions for 24 h in a nitrogen atmosphere. The reac-
tion mixture was cooled to 25 °C and the precipitate was filtered
with a Biichner funnel. The crude product was washed with
EtOH (20 mL x 3). After drying under vacuum, FAD was ob-
tained as a solid (0.50 g, 0.68 mmol, 63% yield).

FAD: 'H NMR (500 MHz, d-DMSO): 13.90 (br s, 2H), 11.83
(br s, 2H), 9.52 (s, 2H), 7.97 (d, J = 7.5 Hz, 1H), 7.81-7.70 (m,
3H), 7.31 (d, J = 8.0 Hz, 1H), 6.61 (s, 1H), 6.03 (s, 1H), 5.98 (s,
1H), 3.78 (s, 4H), 2.30 (s, 3H), 2.20 (s, 9H). MS (ESI): m/z (%): 724
().

Conclusion

We developed a fluorescein-based probe FAD for the selective
detection of Zn>" as compared to other interfering metal ions in
an acetonitrile/aqueous HEPES buffered solution (1 : 1, pH 7.2).
The significant large fluorescence enhancement was due to the
CHETF effect by the metal coordination to the hydroxy group of
fluorescein and the functionalities connected to the pyridine
moiety of the Schiff base functionalities of the ligand FAD
without opening of the cyclic spirolactam ring. The complex
formation of FAD with Zn>" having the stoichiometric ratio 1 : 2
was observed by Job plot. On the other hand, hypochlorite-
induced oxidative cleavage resulted in the formation of fluo-
rescein dialdehyde as well as spirolactam ring rupture, which
led to the emission enhancement at 520 nm wavelength.
Complex formation with a 1 : 2 stoichiometry of FAD with Zn>*

Anal. Methods, 2022, 14, 2739-2744 | 2743
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was observed with an association constant of 1 x 10* M. The
sensitivity of FAD towards Zn>" and OCl~ was determined by the
lower detection limits of 1.79 pM and 2.24 pM, respectively.
Thus, we presented here a dual-mode chemosensor FAD for the
simultaneous detection of Zn** and OCl~ by employing metal
coordination and analyte-induced chemodosimetric approach,
respectively. Furthermore, for practical application, we studied
fluorescence imaging inside HeLa cell by using FAD with Zn>",
which demonstrated it can be very useful as a selective and
sensitive fluorescent probe for zinc.
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Abstract

Lithium fluoride (LiF) serving as a template for an efficient hydrogen storage system has been expressed in this article. The
structure optimization, stability, and reactivity of the derived LiF systems have been studied with density functional theory
(DFT) based reactivity descriptors. The binding energy/H. gives support to the quasi-molecular type adsorption process.
According to natural bond orbital (NBO) data analysis, the charge on the Li atom decreases gradually with each successive H;
adsorption, and a charge transfer interaction occurs from H, molecules to the Li of the LiF. From atoms-in-molecule (AIM)
analysis, molecular hydrogen interacts with building blocks through electrovalent-type interaction. The astonishing
gravimetric wt% result (43.48 upon ten hydrogen adsorption in a single LiF) justifies this template to be a potential hydrogen

storage material. The Gibbs free energy changes suggest a spontaneous hydrogen adsorption process at or below 54 K.
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1. Introduction

Energy and climate change are the most imperative issues in
the present time throughout the world. Energy consumption is
increasing day by day. Within a few decades, the demand for
carbon-based fossil fuels will likely outpace its rate of
production. It is seen that three times of mass of gasoline is
required to supply the same energy as compared to hydrogen.
In addition, the emission of CO> during the combustion of
fossil fuels also can’t be overlooked. In a combustion reaction
of hydrocarbons, the energy contribution of hydrogen per
gram is more comparable to carbon. To reduce the dependency
on carbon-based fossil fuels, the limelight comes to hydrogen,
which might be a promising clean alternative energy carrier

! School of Applied Science and Humanities, Haldia Institute of
Technology, Haldia-721657, India.

2 Department of Chemistry, Cooch Behar Panchanan Barma
University, Cooch Behar-736101, India.

3 Department of Chemical Engineering, Haldia Institute of
Technology, Haldia-721657, India.

4 Integrated Composites Lab, Chemical and Biomolecular
Engineering Department, University of Tennessee, Knoxville,
Tennessee 37996 USA.

*Email: grm.chem@gmail.com (G. Roymahapatra),
kantimrinal88@gmail.com (M. K. Dash)

98| Eng. Sci., 2022, 18, 98-104

because of its higher energy density proficiency and
sustainable environment-friendly combustible nature.l*]
However, one of the major challenges in this context is the
storage of hydrogen. On a large volumetric scale, hydrogen
being gas at standard temperature and pressure is necessary to
meet the same energy as provided by gasoline being liquid
under the same condition.®! To deal with this low volumetric
density problem, the designing of solid-state hydrogen storage
materials has drawn the keen interest of researchers.l"®! The
density of hydrogen storage becomes a key issue for its
portable applications. The density of hydrogen at atmospheric
pressure and temperature is very low (1/14 of the air density)
and thus the hydrogen storage density of the system is a key
factor for hydrogen energy applications.®'% Presently, for the
mobile applications of hydrogen, two storage paths are
established, i.e., high-pressure gas storage and low-
temperature liquid storage. The gas storage density, high-
pressure tank, hydrogenation station, and safety, are the main
challenges for a high-pressure hydrogen gas storage path.[t2
Physisorption and chemisorption are the two storage routes for
solid hydrogen storage materials and a series of materials have
been theoretically predicted.® But high hydrogen storage
capacity cannot be achieved by physisorption, although in this
process, the desorption of hydrogen can occur under ambient
conditions. Chemisorption is a simple way to store a large

© Engineered Science Publisher LLC 2022
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quantity of hydrogen. But since it's not a reversible process,
chemisorption cannot satisfy the storage criteria.l’*'71 [t
appears that for materials to possess promising storage
capacity, the hydrogen adsorption process should be reversible
and the concerned energy should lie in between that of
physisorption and chemisorption (quasi-sorption).[:89]
Keeping in view all these things, we recently started to find
out some suitable hydrogen storage materials, which can meet
the target set up by the U.S. Department of Energy (DOE)®
(6.0% in 2010, and 9.0% in 2015) with a high gravimetric
wt%.[819 Due to the small size of lithium fluoride and greater
charge density of Li, we choose this template LiF for storing
hydrogen with satisfactory results. We communicate the
results in this article.

2. Theory and Computational Details

The Gaussian 16w computer program has been used to
optimize ground state geometries of all the studied systems by
using numerous functionals, including B3LYP, CAM-B3LYP,

wB97X-D, and two distinct basis sets, LanL.2DZ and 6-
311+G(d,p) to get the ground state energy minima of the
structures.'%?:-231 Here we have taken two basis sets to know
whether there has been any significant change in reactivity
parameter values. Frequency optimization is also performed in
the same functional and basis set to ensure their location at the
minimum of the potential energy surface. All the geometries
have been optimized without any symmetry constraints and
the default optimization criteria embedded in Gaussianl6
software have been used.

The employment of CAM-B3LYP and wB97X-D is largely
to rectify the long-range interaction. All the optimized
geometry along with their ground state energy and point
groups are depicted in Fig. 1, Figs. S1, S2, S3, and S5. The
cartesian coordinates of optimized geometries were listed in
the data set. D1 of supporting information file. Hardness (),
electrophilicity (w), the average adsorption energy per
hydrogen molecule (Eads/Hz), the donor-acceptor (bonding—
antibonding) charge-transfer interaction, the gravimetric wt%,

Highest occupied molecular

Optimized structure: .
prmized structures orbital (HOMO)

lowest unoccupied molecular

[ AErowmo- eV
orbital (LUMO) Homo-Lumo (V)

)9 sa
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Fig. 1 Optimized geometries, energy, point group, HOMO, LUMO, and AEnomo-Lumo (V) of LiF, LiIF@5H,, and LiF@10H; systems

at the ®B97X-D/6-311+ G (d, p) level of theory.
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and the Gibbs free energy change of the LiF@nH; systems, as
well as the adsorption ability (Er) of LiF, have been calculated
by using standard techniques.[#1%24%1 To understand the
binding nature of this trapping mechanism, the Multiwfn
packagel*¥ was used to perform the atoms-in-molecules (AIM)
analysis.’l The Multiwfn software is an extremely powerful
program for realizing electronic wavefunction analysis, which
is a key ingredient of quantum chemistry. The details have
been given in supporting information.

3. Results and discussion

3.1 LiF@nH;: Stability, reactivity, and average adsorption
energy per Hz (Eaas/Hz)

The dipolar LiF molecule can adsorb up to 10 H, molecules
(up to five around the Li center and after that around the whole
LiF molecule). The optimized structures, energy, point group,
frontier molecular orbitals such as HOMO/LUMO of the
systems, and corresponding bandgap (4Enomo-Lumo) have
been given in Fig. 1 and Figs. S1, S2, and S3 (supporting
information file). From Tables S1 and S2, it is evident that the
hardness (1, €V) has gradually increased and electrophilicity
(w, eV) has relatively decreased when molecular H; is
adsorbed one after another on the LiF surface. This trend is
found similar for all types of basis sets (B3LYP, CAM-B3LYP,
and wB97X-D) used during the calculation. This has been
perfectly manifested in Fig. S4. This is the indication of
increasing stability and decreasing reactivity trends and
respectively upon gradual H, adsorption. Again, the higher the
bandgap (4Enomo-Lumo) higher is the stability and the lower
the reactivity,®® which is clearly observed in Fig. 1 and detail
given in Figs. S1, S2, and S3.

The average adsorption energy per molecule of hydrogen
(Eads/Hz) of LiF@nH: systems (Fig. 2 and Table S3) is
decreased with the increase of the number of adsorbed H»
molecules around the Li center and whole LiF. The reason
behind that with the increase of the number of adsorbed H»
molecules around the Li center and whole LiF, the natural
bond orbital (NBO) charges on the Li are decreased (Table 1

and Fig. S5). As a result, the dipole-induced dipole interaction
decreases, which directly influences the lowering of average
adsorption energy per hydrogen molecule (Eads/H,). But
moving from eight H, to nine and ten, the NBO charges on the
Li center remain unchanged, this may be attributed to the
lowering of dipole-induced dipole interaction due to the
movement of adsorbed molecular hydrogen towards the
fluorine (F) center. Now, another important parameter, namely
adsorption ability (E;), is the indication of how many adsorbed
H> molecules will be considered to be calculated (Table 1).
The result reflects that up to ten adsorbed H,, its values are
decreased; after that, its value is negligible. Thus, we have
considered LiF can adsorb a maximum of ten molecular
hydrogens. Next, the gravimetric wt% of all H» adsorbed
systems has been recorded (Table 1). This is an excellent result
when we compare it with the reference value of the U.S. D.O.E.
standard value®! as well as other reported systemsl&
reported in Table S7.

0.16 I B3LYP

1 [ cAam-B3LYP
LG I «B97X-D
0.12 -

0.10
0.08 -
0.06 -

0.04 -

Average adsorption energy/Hs (eV)

1 2 3 4 5 6 7 8 9

no. of Hp molecules trapped

10

Fig. 2 Plot of average adsorption energy/H, [eV] vs no. of H»
molecules trapped of LiF@nH, systems at the B3LYP, CAM-
B3LYP, and @B97X-D/6-311+ G(d,p) level of theory.

Table 1. NBO charges of LiF@nH, systems at CAM-B3LYP/6-311+G(d,p) level of theory, adsorption ability (E;) of LiF@nH>
systems at the B3LYP and CAM-B3LYP/6-311+G(d,p) level of theory and Gravimetric wt% of LiF@nH, systems.

Adsorption ability (Er)

System NBO charges Gravimetric wt%
B3LYP CAM-B3LYP
LiIF@H2 0.96 0.109 0.130 7.14
LiIF@2H: 0.95 0.103 0.124 13.33
LiIF@3H:2 0.93 0.084 0.109 18.75
LiIF@4H: 0.91 0.045 0.076 23.53
LiF@5H: 0.89 0.064 0.065 27.78
LiIF@6H:2 0.88 0.051 0.083 31.58
LIF@7H2 0.88 0.042 0.065 35.00
LiFQ8H: 0.88 0.029 0.056 38.10
LiIFQ9H: 0.89 0.008 0.033 4091
LiF@10H: 0.89 0.001 0.028 43.48
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3.1.1 Bonding nature

The delocalization correction energy (AEcr) and it's average
(AEZT) values have been expressed through Fig. S6 (the
detailed results in Table S4) indicating that a charge transfer
interaction happened from the bonding orbital (BD) of the
trapped H> molecules to the anti-bonding lone pair orbital
(LP*) of Li" ions. One interesting observation here is that up
to five adsorbed H,, the (AEZF) values increase; after that,
upon adsorption of 6H» onwards, the trend decreases. This
may be due to the load of the adsorbed hydrogen shift towards
the F center of the LiF molecule. We used topological analysis
at the bond critical point (BCP) to find the bonding nature
controlling parameters like electron density [p(7.)], Laplacian
of electron density [V?p(7.)], local electron energy density
[H(r.)], kinetic energy density [G(r.)], and potential energy
density [v(r.)] of the LiF@H,. Using the multi-win package, !
we developed three figures (Fig. 3 and Figs. S7 and S8) to
show the bonding behavior of LiF@H>. The top and lower
sections of Fig. 3 demonstrate the variations in the electron
density. We can see that there is no electron density between
the Li center and the adsorbed H> molecule. This supports the
ionic bonding between the Li center and the adsorbed
molecular hydrogen. In Fig. S7 the areas of charge depletion
(green solid lines) and charge concentration (blue dotted lines)
are depicted. The solid brown lines represent the bond paths,
while the solid bold blue lines represent the zero-flux
molecular plane surfaces.% The light blue spheres indicate the
bond critical points (BCPs), where the bond path and zero-flux
surfaces intersect. No electron density between Li and the
molecular hydrogen suggests ionic bonding. Fig. S8 shows the
electron localization function (ELF) of the systems. There are
no localized electrons between Li and the adsorbed molecular
hydrogen in this image. To determine the bonding type, V2p(r.),
H(r.), and [—G(r;)/V(r;)] values have been calculated at the
BCP [Table S5]. As the values of both V2p(r.) and H(r.) are
positive (0.04 and 0.002) and the ratio of —G(7.) to V(r.) is
larger than 1, we may assume that FLi---H, interactions are

non-covalent.[*0-42]
1.000
l[ 0.900
0.800

0.700

e

0.600
0.500

-0.400

000 230 461 691

Length unit: Bohr
Fig. 3 The plot of the ELF of the LiF@H, systems generated at
the ®B97X-D/6-311+G(d,p) level of theory.

2.30

1.61 9.21
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3.1.2 Effect of temperature on hydrogen adsorption

The Gibbs free energy change analysis has been carried out
(Fig. 4 and Table S6) to make an idea about the spontaneous
H, adsorption temperature of LiF. Results reveal that at 54 K
or below this temperature, this adsorption process will be
spontaneous.

24

Gibbs free energy change {AG) in eV

0 P—?ﬁ_ﬁ
T T T T T T T T T 1
0 2 4 6 8 10

no. of Hy molecules trapped

Fig. 4 Plot of Gibb's free energy change [eV] vs no. of H>
molecules trapped of LiF@nH, systems at the ®B97X-D/6-
311+G(d,p) level of theory.

4. Conclusion

The LiF molecule has been identified as a promising hydrogen
storage material since the average adsorption energy per Ha
molecule supports a quasi-molecular adsorption process.
According to the NBO analysis, the charge on the Li atom
progressively drops with the gradual increase of H;
adsorptions, indicating that a charge transfer interaction
occurs between the bonding orbitals of H> molecules and the
antibonding orbitals of Li. A single LiF molecule can adsorb
up to 10 H, (LiF@10H») with a high gravimetric wt% value
(43.48) which is found to be a much better system than our
previously reported systems (Table S7). The amazing results
demonstrate the LiF molecule as a promising hydrogen
storage material w.r.t U.S.D.O.E. standards.?@ According to
the atoms in molecule (AIM) analysis, molecular hydrogen
interacts with the building units in electrovalent interactions.
At or below 54 K, the changes in Gibbs free energy indicate
that the hydrogen adsorption process is spontaneous. The
findings are very encouraging and exciting for synthetic
chemists and technologists in terms of the possibility of
synthesizing this material as a potential hydrogen storage
option in the pursuit of green fuel storage. Based on the
findings reported in this article we are trying to develop a
study on LiF clusters, a molecule-to-material approach that
may help to design a new type of gas storage device by using
the material which will help the real laboratory to land
application.
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Abstract

This article has expressed that Lithium chloride (LiCl) and Lithium bromide (LiBr) are good templates for low-temperature
hydrogen storage. The structure and chemical reactivity of the derived templates were studied based on density functional
theory (DFT). The adsorption process can be found in nature as quasisorption. The molecular hydrogen interacts with building
blocks (with the Li* center) through electrovalent interaction, and a single LiCl/LiBr molecule can absorb 10 H, molecules with
a high gravimetric weight percentage (32.00 for LiCl and 18.71 for LiBr), which is turn out to be promising systems according
to the standard. The Gibbs free energy changes suggest a spontaneous hydrogen adsorption process at cryogenic temperature.
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1. Introduction
As the transition to renewable and intermittent energy sources
such as solar and wind power continues, it is becoming clear
that these sources are seasonal and insufficient to meet future
energy needs adequately.l! Due to the shrinking reserves of
conventional fossil fuels and their high CO, emissions, several
industries feel compelled to reduce their dependence on fossil
fuels.> Hydrogen is a promising candidate in this regard.
Hydrogen has the potential to play a critical role in our
society, from transportation to manufacturing to power
generation for household appliances. It is a completely
pollution-free source of energy, with water as the end result in
most circumstances. However, experts have been concerned
about hydrogen storage for a long time. At room temperature
and atmospheric pressure, the density of hydrogen gas is as
low as 0.08988 g/L,’! making its storage difficult and
expensive. As a result, the only task at hand is to increase the
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storage density. Several strategies for storing hydrogen at
higher densities have been proposed, but none has yet shown
to be effective.l’) A given process always has a significant
impact on the capital and operating costs of the storage
facility.”8) Due to the different boundary conditions, there is
room for more than one technological option for large-scale
hydrogen storage.”

So far, there have essentially been three major hydrogen
storage methods reported. The first is hydrogen gas storage at
high pressure and room temperature (RT), the second is
hydrogen storage in the liquid phase at low temperatures, and
the third is hydrogen storage in the solid phase via adsorption
at low or room temperature. As a result, each of these
strategies has advantages and downsides.['%!"l There is always
a massive infrastructure load involved with hydrogen storage
at high pressure at room temperature; on the other hand,
storing and transporting hydrogen in the liquid phase is
extremely challenging. As a result, keeping it as an adsorbing
material would be preferable. At room temperature, the
adsorption percentage of solid hydrogen is very low (2-3%).

In our group, we are attempting to identify some suitable
systems for a higher percentage of solid-phase hydrogen
adsorption. The two possible hydrogen storage pathways in
solid materials are physisorption and chemisorption, and a
number of materials have been theoretically predicted to
date.'”” High hydrogen storage cannot be achieved by
physisorption, although desorption of the gas can occur under
ambient conditions with this process. Conversely,

© Engineered Science Publisher LLC 2022
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chemisorption seems to be an effective and easy way to store
a large amount of hydrogen. However, since it is not a
reversible process, chemisorption cannot meet the storage
criteria.l'>'® Therefore, we need to explore a new process with
promising storage capacity, in which the hydrogen adsorption-
desorption mechanism should be reversible, and the energy
involved should be between that of physisorption and
chemisorption (quasisorption).l'>??l Keeping all of these in
mind, we recently revealed some promising hydrogen storage
materials that can meet the target set by the United States
Department of Energy (D.O.E.), 2015.% In a recent report, we
described (using a computational approach) the surprising
hydrogen storage efficacy of lithium fluoride (LiF),>*! which
prompted us to compare it to Lithium chloride (LiCl) and
Lithium bromide (LiBr) to determine which was the best. We
believe that, the two new small systems would be promising
hydrogen storage material that will make its future impact in
the development of green fuel mission.

2. Theory and computational details

Gaussian 16w software®! was used to optimize the ground
state geometries of all studied systems using multiple
functionals, including CAM-B3LYP, ®B97X-D, as well as
two separate basis sets, LanL.2DZ and 6-311+G (d, p) to obtain
minimal energy structures in the ground state.*) Here we have
used two basis sets to justify whether there has been any
notable change in the values of the reactivity parameters. The
frequency calculation is also performed in the same function
and basis set to ensure its position on the surface of minimum
potential energy. The optimized geometry, ground-state energy,

and point groups are shown in Fig. 1, Figs. S1, S2, S3, and S5
[S=supporting information].

The cartesian coordinates of some optimized geometries
have been put in the data set D1 of supporting information (SI)
file. Hardness (77), electronegativity (y), electrophilicity (w),?”
331 the average adsorption energy per hydrogen molecule
(Eaas/H2),1?* adsorption ability (E;),** natural bond orbital
(NBO) charge,** the donor-acceptor (bonding—antibonding)
charge- transfer interaction,”! the gravimetric wt%,°-??l and
the Gibbs free energy change of the LiX@nH; [X = Cl, Br and
n = 1-10] systems?* have been calculated by using the
standard mathematical techniques within the conceptual DFT
framework. The common equations we have used are stated
below as per the reported literatures.

Hardness (7) =1 - A B34 (1)

Electronegativity (y) = % 31-34] 2)
2

and Electrophilicity (o) = )2(_11 [31-34] 3)

where I = ionization energy and A = electron affinity of the
system. Average adsorption energy per hydrogen molecule
was calculated following the equation:

[Eads/H2] = [( ELix + nEm2) — Evix@nn2]/m 24 4)

where Erix, Em2, and Erixanm2 are energies of the LiX [X = CI,
Br], H> molecule, and H, adsorbed LiX complexes,
respectively, and n = no of adsorbed H, molecules (n = 1-10).
Adsorption ability (E;), Delocalization correction energy
(AEct), and Average delocalization correction energy (AESY
were calculated using equation stated below.

Adsorption ability (E;) = [E Lix@w-1)n2 T Em2 — ELix@nnz ] 24 (5)

Optimized structures HOMO

LUMO AEHOMO-LUMO (GV)

R

LiCl Point group: C;

Eo=-12729.83 eV
Eo=-9.041¢V

3 ’
s - 8.664 eV

Ey=-0.377¢eV

LiCl@5H> Point group: C; Ey = -E¢=-8.856 eV
12890.57 eV

-9.065 eV

Eo=0.209 eV
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LiCl@10H; Point group: C; Eo = -

-9.337eV

Ep=-9.133 eV Eo=0.204 eV
13050.85 eV
(a)
Optimized structures HOMO LUMO AEHOMO- Lumo (eV)
8 -8.169 eV
LiBr Point group: C,
Eo=-70253.81 eV Eo=- 8.606 eV Ey = - 0.437 eV
S 9
. 2
i
‘“"r'/ 9 33 J
Iy
. ) 3
‘_,__, ‘ﬁ__s o 99 8.600 eV
L}
B o
. ’3'3 Ey = - 8.409 6V Eo=0.191 eV
LiBr@5H; Point group: C; Eg = -
70414.56 eV
\“\‘\ '»_:’
I
‘—/,ﬂ“”’y -8.837 eV

LiBr@10H; Point group: C; Eg = -

70574.81 eV

Eo=-8.635¢eV Eo=0.198 eV

(b)

Fig. 1 Optimized geometries, energy, point group, HOMO, LUMO, and AEgomo-Lumo (eV) of (a) LiCl, LiCl@5H,, and LiCl@10H,;
(b) LiBr, LiBr@5H,, and LiBr@10H, systems at the ®B97X-D /6-311+G(d,p) level of theory.
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Delocalization correction energy,

F " )2
(AEcr) =AE;= g7 2 (©)

Average delocalization correction energy,
(AEE)=— AEcr 5 (7)

In equation (6), g; is the donor orbital occupancy, F(i,j) is
the off-diagonal NBO Fock matrix element and ¢; and ¢; are
diagonal elements (orbital energies) and ‘n’ is the number of
adsorbed molecular hydrogen (n = 1-10). The density of
adsorbed hydrogen was calculated by calculating the
gravimetric wt% and Gibbs free energy was calculated as per

general thermochemistry equation, which is stated below.'%-2?]
Molecular weight of trapped H,

Gravimetric wt% = - - 100
Molecular weight LiX@nH, complex
©)
Gibbs free energy change,
(AGLix @um2) = G Lix @2 - Grix - nGu 922 )

here G Lix@nm2, Grix, and nGp: indicate Gibbs free energy of
the H, adsorbed complexes, LiX [X = Cl, Br], and molecular
hydrogen respectively.

The Multiwfn packagel> has been used to predict the
bonding nature in between Li center and adsorbed H,.5! The
Multiwfn software is a powerful tool for performing electronic
wavefunction analysis, a vital component of quantum
chemistry. The details have been given in supporting
information.

3. Results and discussion

3.1 LiX@nH; (X = Cl, Br): Stability, reactivity, and
average adsorption energy per Hz (Eaqsm2)

We have successfully obtained LiX@ nH, (X = Cl, Br and n=
1-10) optimized systems, and for all systems number of
imaginary frequencies turns out to be zero. However, once the
structures are optimized, we can see that up to 5H», H»
molecules have been trapped around the Li centre. Following
that, the sixth inserted H, molecule moves away from the Li

- 0.18-

N 1 -

Em 0.16 B E, H,of LICI@nH, |
T R

W 0.4

& 0124

¢ — 1

§ £0101

§ %008

- J

S < 0.6

m -

T 0.04-

b ]

o 0.02-

< ]

£  o0.00-

® 1 2 3 4 5 6 7 8 9 10

no. of Hy molecules trapped
(a)

centre and toward the X (X = CI, Br) centre, and so on until
the tenth H». So, after the fifth H, molecule, H, molecules were
adsorbed not only around the Li centre but also across the
entire polar LiX surface (X = Cl, Br). The optimized structures,
point group, energy, frontier molecular orbitals such as highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of the optimized systems, and
corresponding bandgap (AEnomo-Lumo) have been given in Fig.
1 and Figs. S1-S3. Values (in eV) of hardness (1)),
electronegativity (y) and electrophilicity (o) of LiX@ nH; (X
= Cl, Br and n= 1-10) systems have been tabulated in Tables
S1-S4 at both ©B97X-D/LanL2DZ and ®B97X-D/6-
311+G(d,p) level of theory. In these tables, we have also
supplied values (in eV) of ionization energy (I) and electron
affinity (A) as the mathematical equation of hardness (1) and
electronegativity (y) depend on these two. With that, we have
also plotted hardness (1), -electronegativity (¥), and
electrophilicity (®) vs. no. of trapped H> molecules (Fig. S4)
of LiX@ nH, (X = Cl, Br, and n = 1-10) systems at both
®B97X-D/LanL.2DZ and ®B97X-D/6-311+G(d,p) level of
theory. We can see from the tables and figures that the hardness
gradually increases. Electronegativity and electrophilicity
decrease progressively. Because hardness is related to stability
and electrophilicity to reactivity, adsorption of H» increases
stability while decreasing reactivity. Again, increasing
stability and decreasing reactivity were supported by the
gradual increase in band gap (AEnomo-Lumo) [Fig. 1 and Figs.
S1-S3]. Now, Fig. 2 and Table S5 show that as the number of
adsorbed H, molecules increases near the Li center and over
the LiX (X = Cl, Br), the average adsorption energy per
hydrogen molecule (Eadsm2) decreases (Fig. 2). As the number
of adsorbed H, molecules surrounding the Li core and LiX
increased, the charges on the natural bonding orbital (NBO)
on Li decreased (Table 1 and Fig. S5). Consequently, the
dipole-induced dipole interaction decreases, lowering the
average adsorption energy per hydrogen molecule (Eadsm2).

I E  /H, of LiBr@ nH
ads 2 2

Average adsorption energy (E;q5/Hg)
in (eV.

1 2 3 4 5 6 7 8 9 10

no. of Hy molecules trapped

(b)

Fig. 2 Plot of average adsorption energy/H, [eV] vs no. of H> molecules trapped of (a) LiCl@nH> [n= 1-10] systems and (b)
LiBr@nH, [n= 1-10] systems at the ®B97X-D /6- 311+G(d,p) level of theory.
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Table 1. NBO charges and adsorption ability (E;) of LiX@nH, [X= CIl, Br and n= 1-10] systems at CAM-B3LYP /6-311+G(d,p)
level of theory and Gravimetric wt% of LiX@nH, [X= CI, Br and n= 1-10] systems.

Adsorption ability (Er) [eV]

Systems NBO charges Gravimetric wt %
CAM-B3LYP

LiCl@Ha 0.895 0.137 4.49
LiCl@2H: 0.870 0.131 8.60
LiCl@3H: 0.840 0.113 12.37
LiCl@4H: 0.834 0.059 15.84
LiCl@5H: 0.826 0.029 19.05
LiCl@6H2 0.825 0.029 22.02
LiCl@7H: 0.825 0.032 24.78
LiCl@8H: 0.839 0.040 27.35
LiCl@9H: 0.845 0.025 29.75
LiCl@10H2 0.827 0.024 32.00

LiBr@Hz 0.873 0.138 225
LiBr@2H2 0.848 0.131 4.40
LiBr@3Hz 0.840 0.111 6.46
LiBr@4H2 0.816 0.054 8.43
LiBr@5H2 0.809 0.022 10.32
LiBr@6H2 0.810 0.015 12.13
LiBr@7H2 0.814 0.030 13.88
LiBr@8H2 0.815 0.022 15.55
LiBr@9H2 0.814 0.022 17.16
LiBr@10H: 0.810 0.021 18.71

However, abnormal trends were observed in the lower parts of
these tables. The NBO charges on the Li center increased
rather than decreased. This is because the steric overload
between the H> molecules increases with increasing H»
concentration from 7 to 8, 9, and 10 Ha, as does the distance
between the H, molecules increases with increasing H»
concentration from 7 to 8, 9, and 10 Hj, as does the distance
of the adsorbed H, molecules from the Li center. Thus, the
dipole-induced dipole interaction decreases, increasing the
NBO charges. The adsorption ability (E,) indicates how many
adsorbed H, molecules are taken up. The results (Table 1)
show that concentrations of hydrogen decrease up to 10
adsorbed H, molecules, and beyond that they become
insignificant. So we assumed that LiX (X = Cl, Br) could
adsorb 10 H> molecules. In the next step, we measured the
gravimetric wt% of all Hy-adsorbed systems (Table 1). This is
an excellent performance compared to the standard value of
the U.S. Department of Energy (D.O.E.).

3.1.1. Bonding nature

We plotted the average delocalization correction energy (AEZT)
versus the number of trapped H, molecules (Fig. S6). We also
tabulated the delocalization correction energy (AEcr) and its
average values (AEZY) (Table S6). From both Figures and
Tables, it can be seen that a charge transfer interaction took
place from the bonding orbital (BO) of the trapped H:
molecules to the antibonding orbital of the lone pair of
electrons (LP*) of the Li center. However, looking at the table,
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it can be observed that up to five adsorbed H» the (AEZY) value
increases; thereafter, its value continues to decrease as the
number of H» captured increases. This is because as the
trapped H, molecules increase, the position of the H»
molecules moves toward the X center (X = Cl, Br). As a result,
the distance between the Li center and the adsorbed H>
molecules increased, which decreased the charge transfer
intensity as well as the charge transfer amount. We performed
the topological analysis at the critical bonding point (BCP) to
learn about the bonding nature of predictive parameters such
as electron density [p(r.)], Laplacian of electron density
[V?p(7.)], local electron energy density [H(r.)], kinetic energy
density [G(r.)], and potential energy density [v(7.)] of the
system LiX@H> (X= Cl, Br) using the program package
multiwfn.** We made three maps (Fig. 3, Fig. S7, and S8) to
find the electron density between Li and adsorbed H,. There
are two sections in Fig. S7. Both the upper and lower sections
represent the electron density of LiX (X = Cl, Br), and Ho. We
can see the electron-dense hump of LiX (X = Cl, Br), and H»,
but there is no electron density between the Li center and the
trapped H> molecule. This suggests ionic bonding between the
Li center and the adsorbed H,. In Fig. S8, there are many
different colored lines and detailed description®® was given in
the footnote of Fig. S8. There is no electron density between
the Li center and the adsorbed H, molecule, which in turn
supports the ionic bond between Li and H,. Fig. 3 shows the
electron localization function (ELF) of the systems. There are
no localized electrons between Li and the trapped H,. The
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Fig. 3 The plot of the ELF of the (a) LiCl@H; system and (b) LiBr@H: system generated at the ®B97X-D/6-311+G(d,p) level of

theory.

bond between the Li center and the adsorbed H> is thus ionic
in nature. Now we can get a complete idea about the bonding
nature from the value of [-G(r)/V(r)] in the following way—

(i)  The interaction is said to be non-covalent if [-

G(r)/V(r)] > 1.

(1)  The interaction is said to be partially covalent if 0.5
< -G(r)/V(r) < land the strength of interaction
depends on the sign of V? and H(r). Which is
stated below-

The interactions are quite strong when both V2p
and H(r) are negative.

The interactions are medium when the value of
H(r) is negative and the value of V?p positive.
The interactions are weak when both V?p and
H(r) are positive

Here as the sign of both V?p(r,) and H(r) is positive (Table S7)

(@)

a)
b)

©)

0.02-
0.00
0.02-
0.04-
0.06-
0.08-
010
0121
0141

L16—F—7T—FT T T 7T 771
1 2 3 4 5 6 7 8 9 10

no. of Ho molecules trapped

Gibbs free energy change (AG) in eV

and the value of [—G(r.)/V(r.)] (Table S7) is larger than 1, we
may assume that XLi---H, [X= Cl, Br] interactions are
ionic.15%-61

3.1.2. Effect of temperature on hydrogen adsorption

From thermochemistry, we know that the spontaneity of a
process depends on the sign of the Gibbs free energy (AG)
change. If it is negative, then the process is spontaneous. Here
we used the same concept. We have plotted the change in
Gibbs free energy (AG) versus the number of trapped H»
molecules (Fig. 4) of LiX@ nH> systems (X = Cl, Brand n =
1-10). We also tabulated the change in Gibbs free energy (AG)
(Table S8). The figures and the tables show that at 51 K or
below this temperature the adsorption process of LiCl system
is spontaneous; at 49 K or below this temperature, the
adsorption process of LiBr system is spontaneous.
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Fig. 4 Plot of Gibbs free energy change [eV] vs no. of H, molecules trapped of (a) LiCl@nH, [n= 1-10] systems and (b) LiBr@nH>

[n=1-10] systems at the ®B97X-D /6-311+G(d,p) level of theory.
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4. Conclusion

Because their adsorption energy (average adsorption energy
per H, molecule) aids the quasisorption process, the LiCl and
LiBr molecules are recognized as encouraging hydrogen
storage templates. The positive charge on the Li atom in the
overall system diminishes with the adsorption of H, molecules,
according to NBO analysis (slight deviation seen in the case
of @8H, and @Y9H;). It implies that a charge transfer
interaction takes place between the bonding orbitals of H»
molecules and the antibonding orbitals of Li. A single LiCl or
LiBr molecule can absorb 10H, with a high gravimetric wt
percent value (32.00 for LiCl and 18.71 for LiBr), which is
found to be a sound system in comparison to the U.S. D.O.E.
(2015) standard,®*! but lower than the LiF. With LiCl, it's over
two-thirds, and with LiBr, it's even less than half.
Electrovalent interactions between the building unit (LiCl and
LiBr) and the molecular hydrogen are predicted by the Atoms
in Molecules (AIM) model. The variations in Gibbs free
energy indicate that the hydrogen adsorption process is
spontaneous at or below 51 K for LiCl and 49 K for LiBr,
demonstrating once again that LiF (54 K)?4 is the superior
template of the three. In current time, whole world is focusing
on H; as green fuel. So, searching for proper storage material
is a well-timed topic for research. And very recent, Lyu et. al.
and Nishihara et al. have testified some hydrogen storage
material where theoretical findings support the experimental
results.[®2%] In our current report, for all systems, the
adsorption process is thermodynamically physible at
cryogenic temperature, and study with synthetic approach is
much easier for LiCl and LiBr as both are available common
compounds. So, researchers involved in synthesizing new
molecules/materials in pursuit of promising and sustainable
hydrogen storage devices can learn a great deal from the
results. The outcomes will allow us to investigate the hydrogen
storage capacity on the surface of molecular clusters (method
based on bulk materials) and finally investigate the
laboratory's potential industrial uses.
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Coumarin based Sensor 1 has been designed and synthesized to recognize fluoride ion visually with high
selectivity and sensitivity over other anionic analytes through color change from very faint yellow to
pink in acetonitrile. The probable binding phenomenon in solution phase has been explained by 'H NMR
study of sensor 1 with different concentration of fluoride ions. The binding constant of the sensor 1
with fluoride has been determined as 3.9 x 10* M~! and the lower detection limit 6.5 uM of the sensor
1 towards fluoride, which has made the sensor 1 as a promising backbone for selective detection of
fluoride. For the practical application, test strips based on sensor 1 were fabricated, which could act as
a convenient and efficient naked eye F~test kits. The experimentally observed absorption maxima along
with its binding nature with fluoride ions also have been supported through theoretical calculations using
density functional theory (DFT) calculations.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Foremost importance of anion in biological, clinical, environ-
mental, catalysis and chemical processes inspire us towards the se-
lective and efficient recognition of anion, which is an area of grow-
ing interest in supramolecular chemistry [1-4]|. Among the anions
fluoride has a benign effect; especially this is used for the preven-
tion of dental cavities [5] and treatment for osteoporosis [6]. But
excessive ingestion seems to cause health hazards. For example,
over-accumulation of fluoride can influence cell signaling neuro-
logical and metabolic dysfunctions [7]. It has also important ap-
plications in steel making and aluminum refining, ion batteries,
photocurrent enhancing in supramolecular solar cells industries as
well as in different organic synthesis [8,9]. Surrounding this indus-
trial area fluoride contamination is often detected. Concerns for the
consequences have generated wide interest in the development of
rapid, selective and sensitive systems capable of selective recog-
nition and visually noticeable sensing of fluoride in a competitive
environment [10]. Being the smallest halide, the fluoride anion has

* Corresponding authors.
E-mail addresses: spmaity2003@gmail.com (S. Maity),
avijitkumar.das@christuniversity.in (A. kumar Das).

https://doi.org/10.1016/j.molstruc.2022.133228
0022-2860/© 2022 Elsevier B.V. All rights reserved.

a highest charge density and strong nucleophilic character. Besides
this, it has highest affinity to protons among anions. All this makes
fluoride fond of hydrogen bonding partners. Hydrogen bondings
are really the intermolecular forces selected by Nature to bind an-
ions to proteins [11].

Many works have been reported [12-20] but still search for
structurally simple colorimetric sensor which can be synthesized
easily and efficiently enables ‘naked-eye’ detection of fluoride ions
without any special spectroscopic instrumentation has been a keen
area of interest. Thus, herein we report design and synthesis of
a highly selective and sensitive colorimetric sensor 1 for recogni-
tion of fluoride ions in presence of other competing anions, along
with theoretical modeling and optimization using density func-
tional theory (DFT).

2. Results and discussion
2.1. Scheme of synthesis of sensor 1

Sensor 1 has been synthesized by the facile Schiff base conden-
sation reaction of 2-hydroxy-5-methylbenzene-1,3-dicarbaldehyde
(2) [21] with 7-amino-4-(trifluoromethyl)—2H-chromen-2-one (3)
in methanol under refluxing condition in presence of two drops
of acetic acid as light yellowish precipitation with 56% yield
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Fig. 1. (a) UV-vis absorption spectra of sensor 1 (c = 2 x 107> M) upon titration with TBAF (¢ = 4 x 10~* M) in CH5CN. (b) Binding isotherm recorded at 515 nm with the

change of the concentration of TBAF.

(Scheme 1). Its molecular structure and purity were established
from different spectroscopic studies like 'TH NMR and MS (ESI).

2.2. Analytes binding studies

2.2.1. Spectrophotometric titrations with various anions

The binding and recognition abilities of sensor 1 towards vari-
ous anions were studied by UV-vis spectroscopy. The titration was
carried out in CH3CN at 2 x 10->(M) concentration of sensor
1 upon the successive addition of tetrabutylammonium fluoride
(TBAF) (c = 4 x 10~* M) and other competing anions like Br , Cl ,
I, CH3CO0 as their tetrabutyl ammonium salts and PO43~, NO; ,
NO, , S2=, OCI, CN™ as their sodium salts. The UV-vis spectrum
of the sensor 1 is characterized by absorption band centered at
370 nm (Fig. 1). On gradual addition of the tetrabutylammonium
fluoride the band at 370 nm gradually diminished accompanied
with a new band with increasing absorbance appears at 515 nm
ensuing ‘naked eye’ detectable exciting color change from faint yel-
low to pink (Scheme 2). The absorption spectra show a distinct
isosbestic point at 424 nm, which clearly indicates the formation of
a new complex between the sensor 1 and the fluoride ions. In ad-
dition, weakening of the characteristic absorption band at 370 nm
suggests significant electronic perturbation occurred in the ground
state of sensor 1[22].

The fluoride ions induced bathochromic shift of 145 nm ob-
served in the absorption and consequent color change from very
faint yellow to pink can be ascribed towards the probable hy-
drogen bonding interaction between the -OH proton of sensor 1
and fluoride ion facilitated increase in electron density on pheno-
lic ‘O’ atom of —-OH group followed by improved delocalization and
hence decrease in energy responsible for electronic transition. Flu-
oride induced deprotonation of the hydroxyl group due to strong
hydrogen-bonding interaction between sensor 1 and F-resulted
enhancement of 7 delocalization, which was expected to reduce
the energy gap of the m-m* transition appearing a new absorp-
tion band near 515 nm resulting in the formation of a ‘naked-eye’
color change from faint yellow to pink [23]. Thus, the new absorp-
tion band at higher wavelength appeared at 515 nm, intensity of
which was enhanced about fifteen-fold with increasing addition of
fluoride ions and after addition of 5 equivalent of TBAF it was sat-
urated.

2.2.2. Host-guest stoichiometric ratio, binding constant and detection
limit

The binding stoichiometry between sensor 1 and fluoride ion
in acetonitrile was determined from Job’s plots [24] (Fig. 2b)
and the binding affinity was calculated from a Benesi-Hildebrand
plot [25] (Fig. 2a). The results suggest a 1:1 stoichiometry and
the association constants (Ka) were calculated considering 1:1
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Fig. 3. UV-vis absorption spectra of sensor 1 (c = 2 x 10~> M) upon addition of
different anions (5 equiv.) in CH3CN.

complexation to be 3.9 x 10* M~1. The detection limit [26] of sen-
sor 1 as a colorimetric sensor for the fluoride ion was determined
to be 6.5 M by using 20 uM of sensor 1 solution in UV-Vis titra-
tion (Fig. 2c).

2.2.3. Selectivity test

The effects of interference of the previously-mentioned anionic
analytes were investigated (Fig. 3) but no such characteristic re-
sponse was found to sense those anions. These results confirmed
that sensor 1 possesses highly selective colorimetric response to-
wards F~. This is probably due to higher basicity of the fluoride

ion among the all-other competing anions, due to which fluoride
ions are capable of stronger hydrogen bonding interaction with the
phenolic -OH causing such type of red shift in the absorption spec-
tra. Whereas other competing anions having rather weak basicity
could not interact enough through hydrogen bonding to facilitate
improved electronic delocalization.

2.2.4. Competition experiment

To further explore the selectivity of sensor 1 for F~, the compe-
tition experiment was also performed in the presence of F~ mixed
with other interfering analytes like Br, Cl, I, CH3CO0 , PO43-,
NO; , NO, , S, OCI-, CN". As shown in Fig. 4, absorption en-
hancement of sensor 1 on binding with F-remains unperturbed
and other interfering anions were innocent toward the sensing
with F~in CH3CN. This indicates that the sensor 1 is highly se-
lective and sensitive for F~in CH3CN and the binding of sensor 1
with F~ is also independent in presence of other anions as well.

2.2.5. Practical application

We have also developed a colorimetric test kit for practical ap-
plications. Herein we have used TLC plate as the test kits and ini-
tially it exhibits white color in naked eye in absence of sensor 1
(Fig. 51).

The ligand-coated TLC paper strips were prepared by immersing
them into sensor 1 solution (¢ = 2 x 10~> M). The ligand-coated
test kit shows faint yellow color due to the initial faint yellow color
of the ligand solution (Fig. 5II). But when solutions of different an-
ions were sprayed onto these strips, a notable faint yellow strip
changed its color to pink exclusively when F~ solution was sprayed
(Fig. 51II). The development of such dipsticks or test srips is useful
as instant qualitative information is obtained without resorting to
the instrumental analysis.
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Fig. 4. Anion selectivity profile of the sensor 1 (c = 2 x 10~> M): (Violet bars) change of absorbance of sensor 1 + 5.0 equiv of interfering anions; (Orange bars) change of

absorbance of the sensor + 5.0 equiv anions, followed by 5.0 equiv F~ at 515 nm.

Fig. 5. Colorimetric test kit: Photographs of TLC plate test kit coated with sensor
1 (c =2 x 10> M) used for the detection of F-in CH3CN (c = 4 x 10~% M): I,
(control, only TLC plate); II, sprayed with sensor 1 solution (¢ = 2 x 10~ M); IIi,
sprayed with F~solution to the sensor coated plate.

2.2.6. Binding studies by "H NMR spectra

To gain more insight into the nature of interaction of fluoride
ion with sensor 1, we had performed 'H NMR titration in CDCl;
and the spectra are shown in Fig. 6. The spectrum shows that on
addition of one equivalent of TBAF into the solution of sensor 1
the signals of -OH proton (H,) at 12.97 ppm disappeared but no
new signal was found around 16.0 ppm [27].

From this observation it can be imagined that in presence of
fluoride the deprotonation of the -OH proton does not take place
rather due to strong hydogen bonding between -OH proton and
fluoride ion (Scheme 2), the signal of -OH proton becomes so
broadened that it is not appeared in the 'H NMR spectra.

2.2.7. Probable host-guest binding mode

To build up the base behind the achieved experimental results,
we have tried to find out the energy minimized structure of sen-
sor 1 and its complex focusing on the nature of bonding interac-
tion with fluoride ions. The ground state optimization was carried
out in acetonitrile for all compounds using Gaussian 09 software
with B3LYP hybrid functional and 6-31 G (d,p) basis set by apply-
ing Density Functional Theory method [28].

The optimized structure of sensor 1 shows (Fig. 7) that the two
coumarin moieties keep themselves far away from each other as
such a way to facilitate the incoming approach of the anions to

Table 1
Few useful optimized parameters of sensor 1 and its com-
plex.
Muliken charge 013 045
Sensor 1 -0.561932  -0.514841
Sensor 1-F —-0.65697 —0.522228
Bond length (A) 013-H14 N15-H14  (6-013
Sensor 1 1.0059 1.66538 1.33207
Sensor 1-F 1.56148 2.40135 1.2667

interact with sensor 1 through its -OH proton, as expected and
also observed through theoretical modeling.

2.2.8. Theoretical investigation

On close inspection of the modulation of electronic charge den-
sity from Mulliken charge distribution (Table 1) it is found that
negative charge on -013 increases on binding of sensor 1 with flu-
oride ions, which indicates probable hydrogen bonding between -
OH proton by which this proton is being more closure to fluoride
ions, which is more electronegative than oxygen atom (Scheme 2).
This hydrogen bonding type interaction can be confirmed also from
the optimized structure where the O13-H14 bond and N15-H14
bond distances in sensor 1, are 1.005 and 1.665 A respectively
(Fig. 7a) (Table S3; supplementary data), both of which are elon-
gated whereas the C6-013 bond is shortened from 1.33 to 1.26 A
on complexation with fluoride ions.

This hydrogen bonding drives extended electronic delocaliza-
tion, which is supported by the enhanced electron density on -
045 -as found from Mulliken charge distribution - hence causes
substantial red shift in absorption spectra from 370 nm to 515 nm.
Computed absorption wavelengths (Table S3) which are very close
to our experimentally observed findings also support the proposed
mode of complexation (Fig. 7b) through hydrogen bonding type in-
teraction between sensor 1 and fluoride ions.

3. Experimental section
3.1. General

The chemicals and solvents were purchased from Sigma-Aldrich
Chemicals Private Limited and were used without further purifi-
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Fig. 6. Partial '"H NMR spectrum of sensor 1 in CDCl; and with addition of TBAF (one equivalent).

Scheme 2. Left: Color change of the sensor 1 on addition of F-. Right: Probable mode of binding of sensor 1 with F-~ in acetonitrile solution.

cation. Melting points were determined on a hot-plate melting
point apparatus in an open-mouth capillary and were uncorrected.
TH NMR spectra were recorded on Brucker 400 MHz instruments.
NMR titration was carried out in CDCl3 solvent on 400 MHz instru-
ment. For NMR spectra, CDCl3 was used as solvent with TMS as
an internal standard. Chemical shifts are expressed in § units and
TH-TH and 'H-C coupling constants in Hz. UV-vis titration exper-
iments were performed on a JASCO UV-V530 spectrophotometer.

3.2. General method of UV-vis titrations

For UV-vis titration, stock solution of the sensor was prepared
(c =2 x 10> ML-!) in CH5CN. The solution of the guest anion
of tetrabutyl ammonium fluoride was prepared (4 x 10~4 ML™1)
in CH3CN. The original volume of the sensor solution was 2 ml to
measure the absorbance. Solutions of the sensor of various concen-
trations and increasing concentrations of various anions were pre-
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Fig. 7. (a) B3LYP optimized geometry of sensor 1. (b) B3LYP optimized geometry of sensor 1-fluoride complex.

pared separately. The titration was performed by adding different
anions solutions to the solution of sensor 1 individually. The spec-
tra of these solutions were recorded by means of UV-vis methods.

3.3. Synthetic methods

Synthesis of 2-hydroxy-5-methyl-benzene-1,3-dicarbaldehyde
(2): p-Cresol (10 g) was added to a solution of NaOH (3 g) in water
(20 mL). Following full development of a gold color, 37% formalde-
hyde (20 g) was added. The mixture was stirred for 20 min and al-
lowed to stand overnight at the ambient temperature. The yellow
granular 2,6-dimethylol-5-methylphenol product was collected by
vacuum filtration and washed with water-saturated sodium chlo-
ride followed by dilute HClL. In a 100 ml r.b. flask fitted with a
reflux condenser, a magnetic stirrer and a dropping funnel was
placed 2,6-dimethylol-5-methylphenol (1 gm). Following addition
of excess MnO,, it was then refluxed in CHCl3 for 18 h. Finally, the
product 2 was purified by 60-120 silica gel by 5% ethyl acetate in
pet ether. Yield of the product was 500 mg (50%).

Synthesis of the sensor 1

Sensor 1 has been synthesized by the facile Schiff base conden-
sation reaction of 2-hydroxy-5-methylbenzene-1,3-dicarbaldehyde
(2)20 with 7-amino-4-(trifluoromethyl)—2H-chromen-2-one (3) in
methanol under refluxing condition in presence of two drops of
acetic acid as light yellowish precipitation with 56% yield.

TH NMR (CDCl3, 400 MHz): § (ppm):12.93 (br s, 1H), 8.72 (s,
2H), 7.77 (d, 2H, | = 4.0 Hz), 7.48(d, 1H, J = 10.4 Hz), 7.27(d, 3H,
J = 720 Hz), 6.78 (s, 1H,), 6.59 (d, 2H, J = 10.4 Hz), 6.46 (s, 1H),
2.38 (s, 3 H).

MS (ESI*): mfz = 58527 (M - H'), Anal calcd for
Ca9H16FgN205: 59.39% C, 2.75% H, 19.44% F, 4.78% N,13.64% O;
found:59.18% C, 2.65% H, 19.22% F, 4.70% N, 13.34% O.

4. Conclusions

In conclusion, we have synthesized a new sensor 1 which can
recognize fluoride ion by naked-eye detectable color change from
very faint yellow to pink in acetonitrile. Through investigation of
its binding properties we have screened a wide range of compet-
ing anions by the absorption method. The experimentally observed
results have been correlated with theoretical modeling obtained
from Density Functional Theory (DFT) calculation and consequent
optimization findings using density functional theory and this cor-
relation manifests that sensor 1-fluoride complexation occurs via
1:1 hydrogen bonding interactions facilitating the charge transfer
from phenolic oxygen and hence substantial red shift in absorp-
tion maxima. In view of the high selectivity and sensitivity and

quick synthetic accessibility sensor 1 may be useful as a novel col-
orimetric fluoride sensor. For practical applications, we have devel-
oped a colorimetric test kit of sensor 1 for the selective detection
of F~ by naked eye color change from faint yellow to pink.

Justifications

> Coumarin based Sensor 1 has been recognized as the selec-
tive sensor for fluoride ion by the notable visual color change
from very faint yellow to pink in acetonitrile by strong hydro-
gen bonding interaction.

> Sensor 1 shows unique selectivity and sensitivity towards flu-
oride over other anionic analytes like Br—, Cl-, I, CH3COO,
PO437, NO3—, NO,—, S2-,

> The probable binding phenomenon in the solution phase has
been explained successfully by "H NMR experiments and theo-
retical approach.

> The high selectivity and sensitivity of the sensor 1 with fluo-
ride has been explained by lower detection limit as 6.5 ptM and
significant binding constant 3.9 x 104 M1,

> For the practical application, test strips based on sensor 1 were
fabricated, which could act as a convenient and efficient naked
eye F~test Kits.

> Fluoride induced strong hydrogen bonding interaction, lower
detection limit and notable binding constant has made the sen-
sor 1 as a promising backbone for the selective and sensitive
detection of fluoride.
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Abstract

The hydrogen (H2) economy has long faced significant challenges in the areas of production, storage, and application.
Extensive research efforts have been directed towards finding effective solutions. Among the various storage options, solid-
state hydrogen storage has emerged as a promising alternative. In this study, we conduct a theoretical investigation on the
efficiency of H; trapping in Ag(l)/Au(l)-decorated five-member aromatic heterocyclic (AH) rings. We analyze the aromaticity
of the metal-decorated ring and the H,-trapped metal-decorated ring using the nuclear independent chemical shift (NICS)
value, to study the stability of the aromatic system. Our findings also demonstrate that these systems are capable of trapping
up to five molecules of H, in a quasi-sorption manner. Furthermore, we investigate the spontaneity of H, adsorption in
Ag(1)/Au(l)-decorated systems by examining the Gibbs free energy change. To understand the bonding nature, we perform an
analysis using the electron localization function (ELF) and non-covalent interaction (NCl) analysis, which reveal the bonding
nature of our modeled systems. It has shown the gravimetric wt% values ranging from 3.66 to 5.45. Additionally, the partial
density of states (PDOS) technique is employed to identify the contributions of H,, decorated metal, and the five-member AH
system towards the frontier molecular orbitals of the complexes. Also, ADMP calculation indicates their stability near room
temperature.
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1. Introduction produces only heat and water vapor, making it environment
Hydrogen is increasingly recognized as the preferred energy friendly. Therefore, the successful development of the
carrier for the 21st century due to its clean, abundant, and non- hydrogen economy offers numerous advantages for the

toxic nature. When used as a fuel cell or burner, hydrogen environment. However, a key challenge in advancing the
hydrogen economy lies in the development of a safe, compact,
1 School of Applied Sciences and Humanities, Haldia Institute of lightweight, and cost-efficient hydrogen storage system. The

Technology, ICARE Complex, Haldia 721657, WB, India. widespread utilization of hydrogen as a fuel requires storage
? Department of Chemistry, Cooch Behar Panchanan Barma  systems that offer high gravimetric weight percent (wt%) and
University, Cooch Behar 736101, WB, India. volumetric density, rapid kinetics for ambient adsorption and
° Department of ECE, Haldia Institute of Technology, ICARE  desorption, favorable enthalpy for hydrogen adsorption and
Complex, Haldia 721657, WB, India. desorption, recyclability, safety, and cost-efficiency.
‘Department of Chemistry, Sagardighi Kamada Kinkar Smriti  Therefore, designing structures based on reported systems and
Mahavidyalaya, Sagardighi 742226, WB, India developing new systems to enhance H trapping efficiency are

5 . . N
Mechanical and Construction Engineering, Faculty of  popylar research avenues. Due to the advantages of clean,
Engineering and Environment, Northumbria University, Newcastle renewable, abundant, and outstanding performance in terms of

Upon Tyne NE1 8ST, UK. environment friendly, hydrogen has received much
¢ Department of Chemistry, Indian Institute of Engineering Science attention.’*! Safety and cost-effectiveness in hydrogen storage
and Technology, Howrah 711103, WB, India. techniques are a big problem for hydrogen use in
*Email: grm.chem@gmail.com (G. Roymahaptra) transportation applications.®! Conventional storage methods
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such as pressurized hydrogen gas and liquid storage systems
involve high safety and cost concerns for onboard
applications.[”8

Therefore, alternative storage methods are highly
obligatory to meet the necessities of the hydrogen economy.
Solid-state storage systems based on metal hydrides,
organometallic compounds, and metal clusters have shown
great potential for storing hydrogen securely, compactly, and
reversibly, making them an interesting area of research for
hydrogen storage. However, none of these schemes fully
satisfy all the essential criteria for a viable and sustainable
hydrogen technology. Among all reported methods, solid-state
hydrogen storage materials have attracted much attention,®-2
such as hydride complexes,**€ polymeric material "l
carbon nanomaterial 28 and metal-organic frameworks
(MOF).24%] Solid-state hydrogen storage materials have
garnered significant interest due to their impending
advantages. To be granted as efficient hydrogen storage
materials, these  systems  should  exhibit  fast
adsorption/desorption Kinetics and high gravimetric density
(5.5 wt%).?1 Hydrogen storage technology mainly divided
into two types: physisorption process (the host materials
adsorb H, molecules via weak interaction at very low
temperatures and high hydrogen gas pressure) and
chemisorption process (the H, molecule dissociates into
atomic stage and then is bonded to the host materials). In both
processes; during application; it is difficult to release Ha
molecule from the host due to strong interaction and hence it
is difficult to use in transportation/automobile industries.
Therefore, materials with reversible adsorption energy
(0.2eV/H, to 0.6 eV/H;) (4.612 kcal/mol to 13.836
kcal/mol)?”- 281 tend to meet high gravimetric density and
release H, easily near room temperature. Metalized
siligraphene nano-sheet (SiC) is a good example of such kind.
It can operate as an efficient H, storage material at ambient
conditions.®! Light metal decorated CsN nano-sheet can bind
up to five Ho molecules efficiently. Titanium and Boron
decorated twin-graphene provides new inspiration for the
discovery of carbon-based hydrogen storage materials.
Decoration of transition metal increases the hydrogen storage
capacity at room temperature on different graphene sheets.3!
It is also found that alkali metal and transition metal decorated
germanene are energetically favorable which serves as good
hydrogen storage systems.[*2 Transition metal doping also
increases the hydrogen storage capacity of two-dimensional
carbon-nitride nano-sheets.®! Transition metal (TM= Sc, Ti,
V, Cr, Mn) decorated covalent triazine-based framework
shows potential hydrogen storage efficacy without cluster
formation.*4 To be suitable for hydrogen storage, system must
fulfill specific criteria: (a) Hz adsorption occurs in the
molecular state rather than atomic form, (b) cluster formation
is avoided, (c) metals have a low weight, (d) they meet the
targets set by the Department of Energy (DOE), and (e)
adsorption occurs preferably through a quasi-adsorption
process. In our group, we have recently reported many

2| Eng. Sci., 2024, 28, 1062

important findings regarding of Li-decorated aromatic
heterocyclic systems,®-41 which meets the target set by DOE
(2025). It has also been found that clustering of Ti on a C60
surface show the high efficiency of hydrogen storage.*d Very
few works are reported on transition metal decorated
heterocyclic systems because cluster formation (some of the
results show that) will occur in metal complexes which lower
the H. storage capacity. It is also reported that metal-metal
clusters are very good materials for H, storage and in such
cases material can avoid the metal aggregation problem. On
the other hand; in most of the cases, the adsorption process is
either physical adsorption or chemical adsorption. Through a
comprehensive review of different hydrogen storage systems,
it becomes apparent that metals exhibit excellent hydrogen
adsorption and storage abilities. Very recently, one interesting
report published in the J. Am. Chem. Soc. (2023), where
scientists have synthesized and established air-stable Cu(l)
metal-organic framework and it found to be excellent
hydrogen storage!*! material, and it encouraged us to design
and theoretically investigate the storage efficiency of various
five-member aromatic heterocyclic rings decorated with coin
metals, such as Ag and Au. In this paper objective is to explore
their efficacy as hydrogen storage materials by analyzing their
different properties and also to explore which system is more
suitable for this purpose.

2. Theory and computational details

In this study, the designed systems were optimized to their
local minimum on the potential energy surface with zero
imaginary frequency using the Gaussian 16w quantum
chemistry program package.* Density functional theory
(DFT)“s! within different functional such as CAM-B3LYP,
MO5, and various basis sets including 6-311+g (d, p), 6-
31+G*, and LanL2DZ were employed. Bare rings were
optimized at CAM-B3LYP/6-311+g(d, p). On the other hand
we have optimized with and without Hy trapped metal
decorated model systems taken two basis set 6-31+G* (for
ring atoms) and LanL2DZ (for metal atom) with MO5 function
for DFT calculation.

The stability and chemical reactivity of the Ag(l)/Au(l)-
AH systems and their Ha-trapped complexes were analyzed
using conceptual DFT (CDFT)-based descriptors such as
hardness (1) and electrophilicity (®), calculated with standard
techniques®=48l Basically hardness and electrophilicity are the
global property of model systems. Increasing value of
hardness indicate the increasing stability of the systems. On
the other hand decreasing value of electrophilicity indicates
decreasing reactivity of the systems.

The average binding energy (Ep) value of each Ag(l)/Au(l)-
AH systems are determined using Eg-(1)

Eb = [E (hosty+@nH2 - (E (hosty+ + NEH2)]/N (D)
Where Eosty+@nH2, Eosty+ and Ewz represent the energy of the
gradual H2 trapped Ag(l)/Au(l)decorated heterocyclic system,
only Ag(l)/Au(l)decorated heterocyclic system and energy of
H> molecule. ‘n’ symbolizes the number of H, molecule
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trapped.

The average adsorption energy (Eads) of H, molecules is
calculated using the Eg-(2)

Eads = [(Egost) + + NEH2) - E [hosty+@nH21]/N 2
Where Eosty+@nH2, E(nosy+ and En2 represent the energy of the
gradual H; trapped Ag(l)/Au(l)decorated heterocyclic system,
only the Ag(l)/Au(l)-decorated heterocyclic system and
energy of Hz molecule. ‘n’ symbolizes the number of H»
molecule trapped.

We have also calculated nucleus independent chemical
shift which is also called NICS. It is a very essential
computational tools for the assessment of aromaticity. This
method was invented by the late Paul V.R. Schleyer in the year
1996. Currently it is the most widely used method for
determining and justifying aromaticity and antiaromaticity. At
the time of calculation of NICS, a ghost atom, Bq is placed at
the center of ring plane (denoted as NICS(0)) which is
generally account for ¢ aomaticity and take another ghost
atom Bgl to 1A above the center of the molecular
plane(denoted as NICS(1)) which is denoted as m aromaticity.
If the NICS(0) and NICS(1) value of a ring become negative
then the systems are both ¢ and  aromatic in nature but if the
value is positive then the systems becomes antiaromatic. We
have calculated the NICS (0) and NICS(1) (nucleus
independent chemical shift) values to check the pattern of
aromaticity and stability of the metal decorated AH-systems
as well as for Ag(l)/Au(l)-AH-systems. -5

Gravimetric wt% was calculated to determine the
hydrogen storage potential of the materials by the Eq-(3)

S |
f f)
d L

Imidazole Isoxazole
E=-141718.560 E =-154127.831

kcal/mol kcal/mol
Point Gr.- C1 Point Gr.- Cy1

Thiazole
E=-356847.053
kcal/mol
Point Gr.- C1

J A

Molecular weight of trapped H,

. . -
Gravimetric wt% Molecular weight of (host)+@nH?2

100 3)

To investigate the spontaneity of the hydrogen adsorption
process, Gibbs free energy change with temperature was
calculated using the following Eg- (4):

AG host@nH2)+=[G host@nt2)+-G hosty+-NGHz2] 4)

To analyze the bonding nature in the different systems,
topological analysis was performed using the Multiwfn
package.52 The shaded surface map and electron localization
function (ELF) were calculated to provide information about
the localized electron.53 Non-covalent interaction (NCI)
analysis was conducted to identify non-covalent interactions
in the Ag(l)/Au(l)-AH@nH; systems. The NCI results were
generated using the Multiwfn software package.® Atom
centered density matrix propagation (ADMP)5557 study has
been carried out to know about the Kinetic stability of model
systems. Partial Density of States (PDOS) can be generated
for different parts of the H.-trapped metal-decorated
complexes to identify the contribution of trapped Ho,
decorated metal, and aromatic heterocyclic ring to the frontier
molecular orbitals of the complexes. 58

3. Result and discussion

3.1 Stability, and reactivity of different five-member
heterocyclic systems

The study investigated the ground state geometry of various
five-member AH systems, including imidazole, pyrazole,
isoxazole, isothiazole, thiazole, and oxazole (Fig. 1). From the

s’

d

Isothiazole
E=-
356834.684kcal/mol
Point Gr.- C1

A(q
\N
NJ

Oxazole
E=-154162.975
kcal/mol
Point Gr.- C1

Pyrazole
E=-141695.825
kcal/mol
Point Gr.- C1

Q@ PDWOO O

Fig. 1 Optimized geometries and energy of five-member AH-systems at the CAM-B3LYP/6-311+g (d,p) level of theory.
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Table 1. Hardness (n);(kcal/mol), Electrophilicity (w);(kcal/mol) and NICS(0) and NICS (1) of different five-member AH-systems.
Hardness/atom & Electrophilicity/atom are in brackets.

gj;eg;wc“c 1 (keal/mol) o (keal/mol) (NpLCr:)(O) (NpLCr:)(l)
Imidazole 225.593(25.065) 130.763(14.529) -12.679 -10.475
Isoxazole 228.063(28.507) 167.646(20.955) -11.924 -10.503
Isothiazole 221.837(27.729) 151.734(18.966) -12.883 -11.093
Pyrazole 238.209(26.467) 132.364(14.707) -13.279 -11.249
Thiazole 199.469(24.933) 167.185(20.898) 12417 -10.983
Oxazole 236.365(29.545) 151.273(18.909) -11.063 -9.617
DFT calculation It was found that pyrazole exhibited the Table 2.  Hardness  (n);(kcal/mol),  Electrophilicity

highest hardness value. As the hardness indicate the stability
of the system so pyrazole is the most stable system, while
isoxazole had a high electrophilicity value, suggesting it as the
most reactive among the investigated systems (Table 1). All
of the AH systems displayed negative NICS (0) and NICS (1)
values, confirming their aromatic nature.

3.2 Stability, reactivity, aromaticity, and NBO of
Ag()Au(l) decorated differently studied five-membered
aromatic heterocyclic systems

Metal-decorated systems [Ag(l)/Au(l)-AH] were created for
H> adsorption by placing metal ions (Ag(1)/Au(l)) on the side
and top of the five-member heterocyclic ring. After
optimization, it was observed that the metal ions were
predominantly bonded with the ring through the nitrogen (N)
center. In case of oxazole, Ag(l)/Au(l) attached to both
nitrogen (N) and oxygen (O) centers (Fig. 2), but the N-
Ag()/Au(l) bonding was found to be the more stable isomer.
Similarly, for isoxazole, isothiazole, and thiazole, Ag(l)/Au(l)
primarily attached to the ring through the N atom rather than
other ring electronegative atoms (O, S). The optimized
structures of the metal decorated AH systems are provided in
Fig. 2.

To assess the stability of the metal-decorated AH systems,
various CDFT parameters such as hardness (1)),
electrophilicity (®), NICS (0), NICS (1), and NBO (natural
bond orbital) values were calculated (Table 2). The metal-
decorated isoxazole system exhibited the highest hardness
value, indicating greater stability, while Ag(l)-isoxazole
system indicate higher hardness value than Au(l)-isoxazole
system. The Ag(l)/Au(l)-decorated oxazole-O systems has
shown higher electrophilicity, suggesting higher reactivity of
the systems. On the basis of hardness value of all the
Ag(l)/Au(l) decorated system, Ag(l)-decorated systems give
higher stability (hardness range:73.317kcal/mol to 114.902
kcal/mol) than Au(l) decorated systems (hardness range:
54.298 kcal/mol to 103.883 kcal/mol). The negative NICS(0)
and NICS(1) values confirmed aromatic nature of the
investigated systems. Additionally, positive NBO charges on
Ag or Au indicated the presence of an electric field, suggesting
preferential H, adsorption on a metal site, enabling greater
adsorption of up to five H, molecules. From Table 2, it is also

4 | Eng. Sci., 2024, 28, 1062

(o);(kcal/mol), NICS (0) and NICS (1) (ppm) and NBO charges
on metal center of Ag*/Au*-decorated systems. Hardness/atom
and Electrophilicity/atom values are in brackets.

NIC
System n ® NICS( s()
decorated with (kcal/m  (kcal/m  0) ( NBO
Ag+Au+ ol) ol) (opm) PP
m)
106.688 207.877 - )
Imidazole-Ag* 11.1  0.909
10az01AG" (10669) (20.788) 13.063 w0
114902 2252 - )
Isoxazole-Ag* %0 5203 109 0.931
(12767) (25023) 11753
105. 232722 )
Isothiazole-Ag* 05609 3 12230 117 0.924
(11.734)  (25.858)
98
101.932 237.027 )
Pyrazole-Ag* 13.161 118 0.911
(10.193)  (23.703)
68
101.561  235. ) )
Thiazole-Ag* 01.56 35.635 12.228 11.8 0.909
(11.285) (26.182)
26
73.317 2944 - )
Oxazole-O-Ag* 331r( 3629 9.74 0.963
8146)  (40327) 11197
103.425 239.604 - )
Oxazole-N-Ag* 03.425 39.60 104 0.925
(11492) (26603) 11918 o
Imidazole-Au* 89.840(  285.206 12937 112 0.787
8.984)  (28.521)
96
103. 285.672 )
Isoxazole-Au* 03.883 856 11728 108 0.831
(11.543) (31.741)
99
7.02 289.140 )
Isothiazole-Au* 97.025( 89.140 12051 115 0.813
10.781)  (32.127)
80
A454(  296.042 )
Pyrazole-Au* 93.454( 9.0 13.077 116 0.793
9.345)  (29.604)
96
Thiazole-Au* 94.778(  289.366 12.224 117 0.788
10531)  (32.152) ”5

© Engineered Science Publisher LLC 2024



Engineered Science Research article

- 3.3 Stability, reactivity, aromaticity, and NBO charges of
54.298(  577.005 -

Oxazole-O-Au* 9.61 0.897 highest no. of H, trapped Ag(l)/Au(l)- decorated different
6.033) (64.112)  11.296 five-membered aromatic heterocyclic systems
O5487( 299,005 - The study examined the H. trapping capacity of the metal-
Oxazole-N-Au* 487( ' ) 10.3 0.815 decorated AH systems, revealing that all systems could trap a

10610) (33225 11.850 59 maximum of five Hz molecules. All the optimized structures

of the maximum H, trapped system [Ag(l)/Au(l)-AH@5H:]
observed that, the grater NBO charges on Ag(l) rather than have been given in Fig. 3 and consequently other lower no. H
Au(l), indicates grater adsorption of Hz-molecule on trapped systems (1-4) have been shown in Fig. S1.

Ag(l)decorated systems.

Imidazole-Ag* Isoxazole- Ag* Isothlazole Ag* Pyrazole Ag*
kcal/mol kcal/mol kcal/mol lfcaI/moI
Point Gr.- Cy Point Gr.- Cy Point Gr.- Cy Point Gr.- C

; ' rJ;
| e

Thiazole- Ag* Oxazole-O-Ag* Oxazole-N-Ag*
E =-448317.259 E = -245607.435 E =-245629.774
kcal/mol kcal/mol kcal/mol
Point Gr.- C; Point Gr.-C, Point Gr.-C;
* w() < 9
f;.\;) ., .J/‘\J
Imidazole-Au* IIES_O_);ZZ; (:27'226 Isothiazole- Au* Pyrazole- Au*
E =-226662.359 B keal /moll E =-441794.324 E =-226643.266
lfcallmol Point Gr.- C kcal/mol kcal/mol
Point Gr.- C; T Point Gr.- Cy Point Gr.- C,
> e <
)—&;j: c e
Thiazole- Au* Oxazole-O-Au* Oxazole-N-Au*
E = -441800.578 E =-239078.220 E=-239113.840
kcal/mol kcal/mol kcal/mol
Point Gr.- C; Point Gr.- C; Point Gr.- C;

QWO W

Fig. 2 Optimized geometries and energy of Ag* and Au* decorated different five-membered AH systems at the M05/ LanL2DZ (for
Ag* and Au®) and 6-31+G* (for ring atom) level of theory.
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Fig. 3 Optimized geometries and energy of highest no. of H, trapped Ag*and Au*-AH systems at the M05/ LanL2DZ (for Ag* and

Au*) and 6-31+G* (for ring atom) level of theory.

From Table 3, It is interestingly observed that Isoxazole-
Ag+@5H> has the higher hardness value among other Ag(l)
decorated system. Also it has observed that Isoxazole-
Au*@5H, system has the higher hardness value among other
Au(l) decorated system. So, among Ag(l)-decorated system,
Isoxazole-Ag*@5H; system is the most sable systems. In

6| Eng. Sci., 2024, 28, 1062

other side, among Au(l)decorated system, Isoxazole-
Au*@5H> is most stable one. Between H, trapped Ag(l) and
Au(l)decorated system, Au(l)-decorated systems exhibit
higher stability (hardness range: 105.784 kcal/mol to 162.536
kcal/mol) than Ag(l)-decorated system (hardness range:
113.076 kcal/mol to 152.433 kcal/mol). If we have observed
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Table 3. Hardness (n);(kcal/mol), Electrophilicity ();(kcal/mol), NICS(0) and NICS (1) and NBO charges on metal center of
highest no. of H; trapped Ag*/Au*-AH systems. Hardness/atom & Electrophilicity/atom are in brackets.

\?v}lltsf:ea +decorated 1(kcal/mol) o(kcal/mol) (Nplp(?:)(()) (Nplr)(;?)(l) NBO
Imidazole-Ag* @5H2 133.514(6.676) 130.262(6.513) -12.964 -11.690 0.764
Isoxazole-Ag*@5H2  152.433(8.023) 133.942(7.050)  -11.623 -11.008 0.753
Isothiazole-Ag*@5H2  141.860(7.466) 137.670(7.246)  -12.115 -12.056 0.807
Pyrazole-Ag*@5H:2 138.176(6.909) 138.301(6.915)  -13.036 -12.701 0.760
Thiazole-Ag*@5H: 138.076(7.267) 137.080(7.215)  -12.127 -12.011 0.762
Oxazole-O-Ag*@5H> 113.076(5.951) 181.032(9.528)  -11.248 -9.918 0.773
Oxazole-N-Ag*@5H:>  140.448(7.392) 139.368(7.335)  -11.835 -10.540 0.768
Imidazole-Au* @5H.  147.758(7.388) 125.382(6.269)  -12.889 -12.070 0.629
Isoxazole-Au*@5H2  162.536(8.555) 136.466(7.182)  -15.859 -13.515 0.656
Isothiazole-Au*@5H2  147.670(7.772) 145.124(7.638)  -11.933 -11.618 0.638
Pyrazole-Au*@5H2 151.824(7.591) 133.308(6.665)  -13.016 -11.800 0.634
Thiazole-Au*@5H: 148.806(7.832) 137.061(7.214)  -12.089 -11.577 0.634
Oxazole-O-Au*@5H> 105.784(5.568) 228.668(12.035) -11.525 -14.717 0.724
Oxazole-N-Au*@5H.  153.550(8.082) 136.726(7.196)  -11.808 -10.525 0.643

the electrophilicity value of the different H, trapped metal
decorated systems, then we have noticed that H, trapped Au(l)
decorated imidazole system has become less reactive among
other Au(l) decorated systems. On the other hand H trapped
Ag(l) decorated Imidazole system has shown less reactivity
among other Ag(l) decorated systems. Between Ag(l) and
Au(l) decorated systems, Ag(l) decorated model systems
show the better results (electrophilicity
range:130.262kcal/mol t0181.032 kcal/mol) than Au(l)
decorated model systems (electrophilicity range:125.382
kcal/mol to 228.668 kcal/mol).The hardness and
electrophilicity values generally increased and decreased,
respectively, as the number of trapped H> molecules increased,
indicating chemical stability.!% Fig. S2 shows the graphical
representation of hardness and electrophilicity values with
gradual trapping of H2 molecules of Ag(1)/Au(l)-AH systems.
The hardness & electrophilicity value of different studied
systems with gradual trapping of Hz has been shown in Table
S1. From Table 3, it is also observed that, at Ho-trapping
condition, all the metal decorated AH- systems show negative
NICS value, indicating their good aromatic nature. The

[ Imidazole-Ag+

8 I 1soxazole-Ag+
[ 'sothiazole-Ag+|
| Pyrazole-Ag+

I Oxazole-N-Ag+

Average adsorption energy [keal/mol]

Number of H, molecules trapped

adsorption capacity was evaluated through the average
adsorption energy (Eads), which decreased with the gradual
addition of H, molecules due to steric hindrance (Fig. 4). The
value of average adsorption energy for all the H, trapped
complexes are in between 0.11 eV/H; to 0.69 eV/H; (2.536
kcal/mol to 15.911 kcal/mol), which is intermediate of
physisorption and chemisorption state. Thermodynamically,
the adsorption process is spontaneous. The studied systems
exhibited negative NICS(0) and NICS(1) values, indicating
their good o and & aromatic nature.

It is also observed that the energy of systems decreases at
different stages like bare ring, metal (Ag (1)/Au (1)) decorated
ring and Ho-trapped metal (Ag (1)/Au(l)) decorated ring. From
Table 4 and 5, it has shown that the energy become decreases
from bare ring to metal decorated systems and lastly it comes
to the lower value in case of H. trapped metal decorated
system. This study has indicated the stability of our modeled
systems.

We have also studied the NBO charge calculation on metal
center with gradual trapping of Hz molecules. This study has
graphically represented in Fig. 5. When we go through without

E Thiazole-Au+

Bl Oxazole-O-Au+
[ Oxazole-N-Au+

Imidazole-Au+
Isoxazole-Au+
Isothiazole-Au+

[B]

Average adsorption energy [kcal/mol|
o
L

Number of H, molecules trapped

Fig. 4 A plot of Average adsorption energy [kcal/mol] Vs. no. of H, molecules trapped with Ag*[A]Jand Au*[B]-decorated different

five-membered aromatic heterocyclic systems.
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Table 4. Energy of the different systems at different stages like
bare ring, metal [Ag(l)] decorated ring and H»- trapped metal
[Ag(1)] decorated ring at optimized condition.

Systems Energy (kcal/mol)
Bare Metal (Ag) H2 trapped
ring(kcal/mol) decorated metal (Ag)
ring(kcal/mol) decorated ring
(kcal/mol)
Imidazole  -141718.560 -233178.107 -236842.977
Isoxazole -154127.831 -245607.196 -249273.293
Isothiazole  -356834.684 -448312.137 -451977.767
Pyrazole -141695.825 -233160.38 -236826.082
Thiazole -356847.053 -448317.259 -451982.693
Oxazole-O  -154162.975 -245607.435 -249276.956
Oxazole-N  -154162.975 -245629.774 -249297.404

Table 5. Energy of the different systems at different stages like
bare ring, metal [Au(l)] decorated ring and Hy- trapped metal
[Au(1)] decorated ring at optimized condition.

Systems Energy (kcal/mol)
Bare ring metal (Au) H: trapped
(kcal/mol) decorated ring  metal (Au)
(kcal/mol) decorated ring
(kcal/mol)
Imidazole -141718.560 -226662.359 -230334.146
Isoxazole -154127.831 -239087.466 -242760.075
Isothiazole -356834.684 -441794.324 -445466.233
Pyrazole -141695.825 -226643.266 -230316.299
Thiazole -356847.053 -441800.578 -445472.405
Oxazole-O -154162.975 -239078.221 -242751.230
Oxazole-N -154162.975 -239113.840 -242786.330

Hotrapped and with Ha-trapped system, the NBO charges on
the metal center decreases (from Table 2 to 3) which clearly
indicate that H, adsorption takes places at the metal center.
The gravimetric weight percentages of the Ho-trapped metal-
decorated AH systems ranged from 3.66 to 5.45 for the highest
number of trapped Hz molecules (Table S2). Although these

values were considered moderate compared to the U.S.
Department of Energy (DOE) goal, the studied systems were
still considered promising for H, storage. Among all the
investigated systems, imidazole and pyrazole exhibited better
results. The graphical representation of gravimetric wt% of
maximum Ha trapped Ag(l)/Au(l)-AH systems have been
shown in Fig. S3.

3.4 Binding nature

3.4.1 Adsorption of hydrogen in molecular form

Table S4 shows that the Ag(l)/Au(l) to H2 molecule distances
in all the maximum H; trapped systems fall within the
favorable range of 1.895 A to 3.944 A, which is suitable for a
H. storage system. The H-H distances in all the trapped H;
molecules range from 0.801 A to 0.741 A, similar to the
distance in isolated H, molecules (0.743 A).1s4 Details of other
systems can be found in Table S3.

3.4.2 Electron localization function (ELF)

To understand the binding nature between the ring and metal
as well as metal and H, molecules, a detailed investigation was
conducted using shaded surface maps and electron localization
function (ELF) of the H: trapped Ag(l)/Au(l)-decorated
systems. Fig. S4, S5, S6, and S7 display the shaded surface
maps and ELF of H; trapped metal decorated studied systems.
From ELF study in Fig. 6, it is clearly established that a non-
covalent type interaction occurred between ring nitrogen (N)
and metal center, as well as between metal center and
molecular H, because between metal to ring and ring to
molecular Hy, there is approximately zero electron density.

3.4.3 Non-covalent interaction (NCI)

The non-covalent interaction (NCI) method, also known as the
reduced density gradient (RDG) method, is widely used for the
analysis of weak interactions. NCI analysis plays a crucial role
in identifying different types of interactions. In the NCI plot,
the reduced density gradient (RDG) and the sign (A2)p are
plotted to represent the precise areas of interaction. The sign
(A2)p is used to differentiate between strong and weak non-

1.00 4

[A] Bl imidazole-Ag+
B 1soxazole-Ag+
I Isothiazole-Ag+
B Fyrazole-Ag+
| Thiazole-Ag+
B Oxazole-O-Ag+
| Oxazole-N-Ag+

0.95 4

0.90 4

0.85 4

0.80 4

NBO charge on metal center

0.75 4

0 1 2 3

Number of H, molecules trapped

; Imidazole-Au+

Isoxazole-Au+

B Isothiazole-Au+
[ |Pyrazole-Au+
I Thiazole-Au+
B Oxazole-O-Au+
[ Oxazole-N-Au+

1.0+

[B]

0.8

0.6

0.2

NBO charge on metal center

0.0 +
0 1 2 3 4 5

Number of H, molecules trapped

Fig. 5 A plot of NBO charge on metal center Vs. no. of H, molecules trapped with Ag* [A]and Au*[B]-decorated different five-

membered aromatic heterocyclic systems.
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covalent interactions. In the NCI plot, the sign (A2)p is placed
on the X-axis, while the RDGs are displayed on the Y-axis. By
using the Multiwfn software package, an interaction chart can
be generated (Fig. 7) to visualize the areas in the NCI plot,
where weak interactions occur.

The NCI plot of the Imidazole-Ag(l) system have been
generated. It is observed that spikes appear in the zone where
sign (A2)p is approximately equal to O after the adsorption of
the H2 molecule (Fig. 8[B]). However, in the system without
H> molecule trapping, no spikes are observed in the sign (A2)p
~ 0 zone in the NCI plot (Fig. 8[A]), which is clearly explain
by the color chart(Fig. 7) This indicates the presence of weak
interactions between the metal and molecular H, which
satisfy the weak adsorption between them and favors the
quasi-sorption process. The NCI plot of the other studied
systems is shown in Fig. S8.

3.4.4 Partial density of state (PDOS)
To obtain a detailed analysis of the contribution pattern of the
hydrogen molecule, metal ion, and the different aromatic
heterocyclic rings towards the formation of frontier molecular
orbitals (FMOs), we performed density of state (DOS) and
partial density of state (PDOS) calculations for all the studied
systems, as shown in Fig. 9.

Figure 9 presents the DOS and PDOS of the hydrogen-
trapped Imidazole-Ag(l)/Au(l)-AH systems, indicating the

1000

0.900

0.800

0.700

0600

0500

0.400
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0000

315
Length un‘t: Bohr

[B]

Fig. 6 The plot of the ELF of the H, trapped Ag(I)[A]/Au(1)[B] decorated Imidazole systems.

944 6.29 000 215 6.29 944

percentage contribution of H, metal ion, and aromatic
heterocyclic systems towards the frontier molecular orbitals
(FMQs). We divided the entire system into three different
parts: trapped Hz, metal ion, and aromatic heterocyclic ring,
and analyzed their respective contributions to the FMOs. From
the DOS and PDOS values of the different systems, it can be
concluded that all the fragments of the different systems
significantly contribute to the formation of the frontier
molecular orbitals (FMOs). The HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied molecular
orbital) of the complexes are formed from the contributions of
the aromatic heterocyclic ring, metal ion, and trapped
molecular hydrogen, respectively.l263 The PDOS plots for
other systems can be found in the supporting information, Fig.
S9.

3.5 Effect of temperature on H; adsorption

To investigate the spontaneity of the reversible hydrogen
adsorption-desorption process, we calculated the gibbs free
energy change (AG) for the Imidazole system (with the highest
gravimetric wt%). The results are shown in Fig. 10. It is found
that at 298K, some systems exhibit a negative value of gibbs
free energy, and we have wanted to investigate the specific
temperature at which all the systems show a negative AG
value.

p >0 sign(A)p decrease p = 0 sign(A,)p increase p>0
-+ >
7q <0 =0 Zq >0
N J \ J \ J
Y Y Y

Strong attraction: Van der Waals Strong repulsion:

H-bond, halogen-bond... interaction Steric effect in ring
and cage...

Fig. 7 Chart for viewing different interaction zone correspond to sign (A2)p value in NCI plot.
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Fig. 8 NCI plot of Imidazole-Ag*system without trapping of molecular Hz[A] and trapped with molecular H; [B].
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Fig. 10 Gibbs free energy change (kcal/mol) Vs. the number of H, molecules trapped with the Ag*/Au*-decorated Imidazole systems

at different temperature.

Therefore, we decreased the temperature from 298K to 200K
and later to 150K. As we considered different AH systems
decorated with Ag(1)/Au(l), an investigation has performed to
identify the the temperature at which a particular system
exhibits a negative AG value. It was observed that at 82K and
183K, the Imidazole-Ag(l)@5H. and Imidazole-Au(l)@5H:
systems, respectively, displayed a negative value of gibbs free
energy (Fig. 10). All the systems decorated with Au(l) show
the higher temperature for negative AG value but on the other
hand Ag(l)decorated systems show very lower temperature for
this purpose. The results for other systems are shown in Fig.
S10, and Table S5. This study has indicated that Au(l)
decorated systems show the batter temperature than Ag(l)-
decorated systems for reversible hydrogen adsorption-
desorption process.

3.6 Atom centered density matrix propagation (ADMP)
study

As we all know that Ag(l) compounds are easily reduced in H,
occlusion, so we want to investigate the condition of Ag(l)-
decorated model system upon H. adsorption. Due to this
reason, atom centered density matrix propagation (ADMP)
study has been carried out at two different temperatures (200
K & 300 K) to investigate the kinetic stability of the
Ag(l)/Au(DAH@nH; systems (AH = Imidazole) (n=2). Here
we have selected imidazole complex due to highest
gravimetric wt % among others. As a consequence, we used a
1 fs time interval and a velocity scaling thermostat to keep the
temperature constant throughout the simulation. The graphs of
potential energy (E, A.U.) vs. time (t, fs) have been given in
Fig. 11. From Fig. 11, it is clear that; complexes can retain H2
molecules at lower temperature up to 1000 fs. But the
desorption starts when the temperature is increased. Lastly at
room temperature at least one molecular H2 is attached to the

© Engineered Science Publisher LLC 2024

systems. From this it can be concluded that both metal
decorated model systems survive upon H2 adsorption even at
room temperature.

4. Conclusion

In this study, the hydrogen storage capacity of different
heterocyclic aromatic systems (Imidazole, Isoxazole,
Isothiazole, Pyrazole, Thiazole & Oxazole) decorated with
Ag(l)/Au(l) were analyzed. The NICS values confirmed the
aromatic nature of the studied systems prevail after the metal
binding with AH and even after the hydrogen adsorption on
the metal-AH system. The CDFT parameters provided
insights into the stability and reactivity of the systems. The
decreasing trends of the average adsorption energy and NBO
charge on the Ag(l)/Au(l) site further supported the process of
hydrogen adsorption. The negative Gibbs free energy change
(AG) indicated the spontaneous nature of Hy adsorption. The
analysis of bonding nature revealed non-covalent interactions
between the metal center and the molecular Hz. The H-H
distance in the metal-decorated systems indicated that the H;
were trapped in the metal-decorated systems in molecular
form. Though Au(l)-decorated systems show lower
gravimetric wt% than Ag(l)- decorated systems, interestingly
it is observed that Ho-trapped Au(l)- decorated systems are
more stable and indicate spontaneity of Hadsorption-
desorption process at higher temperature than Ag(l)-decorated
systems. We designed and started our project two years back;
to investigate the H, storage capacity of coinage metal
(Cu/Ag/Au) decorated AH systems, and we recently reported
the efficiency of Cu-decorated systems in the book
‘Computational Studies: From Molecules to Materials’, CRC
Press/Tylor & Francis Group,®1 and very recently, Journal of
the American chemical society (JACS) has published the
synthetically established air-stable Cu(l) metal-organic
framework (MOF) as hydrogen storage material.[*3! It inspired
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Fig. 11 Simulated structures and Potential Energy (E, A.U.) vs Time (t, fs) of Ag(l)/Au(l) decorated AH system @2H, (AH =
Imidazole) complexes at 300 K and 200 K and at 1000 fs obtained at the wbh97xd/sdd level of theory.

us to investigate further the H, storage capacity of
Ag(l)/Au(l)-AH systems, with the believe that our theoretical
conclusion will help the synthetic laboratories to establish it in
reality. The achieved results (gravimetric wt. %) of all the
studied systems meet the target set by the US Department of
Energy (2025) for coinage metal systems, and Ag(l)/Au(l)-
imidazole and pyrazole systems showed highest gravimetric
wt % among others. From the DOS and PDOS values, it can
be concluded that all the fragments of the different systems

12 | Eng. Sci., 2024, 28, 1062

(aromatic heterocyclic ring, metal ion, and molecular
hydrogen respectively) significantly contribute to the
formation of the FMOs. The ADMP analysis suggested the
complexes can retain Hz molecules at lower temperature up to
1000 fs, and desorption starts when the temperature is
increased, and at the room temperature at least one molecular
H: is attached to the systems. From this it can be concluded
that both metal decorated Ag(l)/Au(l)-AH model systems
survive upon H; adsorption even at room temperature.
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Therefore, these metal-decorated Ag(l)/Au(l)-AH systems are
the promising hydrogen storage systems, in designing of
efficient storage material.
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o We have developed a novel quercetin (a
SARS-CoV-2 inhibitor) coupled benzyl
ethers (QBE) chemosensor for selective
detection of Hg?".

To date, there are very few reports
where quercetin itself have been used in
sensing field (table 1) but the use of
quercetin derivative in sensing field is
almost nil.

To the best of our knowledge our che-
mosensor QBE is the first chemosensor
based on quercetin derivative for the
selective detection of Hg>".

Optimized structure QOptimized structure

The binding phenomenon of QBE with
Hg?* has been proved by UV-vis, fluo-
rescence, DFT and cyclic voltammo-
grams study.

Lower LOD (Limit of Detection) at 8.47
uM and high binding constant value as
2 x 10* M~! showed the strong binding
affinity of Hg®" towards QBE.

The intracellular activity of QBE with
Hg?* binding has been examined by
using living plant tissue by using green
gram seeds.
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ABSTRACT

Quercetin is an important antioxidant with high bioactivity and it has been used as SARS-CoV-2 inhibitor
significantly. Quercetin, one of the most abundant flavonoids in nature, has been in the spot of numerous
experimental and theoretical studies in the past decade due to its great biological and medicinal importance. But
there have been limited instances of employing quercetin and its derivatives as a fluorescent framework for
specific detection of various cations and anions in the chemosensing field. Therefore, we have developed a novel
chemosensor based on quercetin coupled benzyl ethers (QBE) for selective detection of Hg?" with “naked-eye”
colorimetric and “turn-on” fluorometric response. Initially QBE itself exhibited very weak fluorescence with low
quantum yield (@ = 0.009) due to operating photoinduced electron transfer (PET) and inhibition of excited state
intramolecular proton transfer (ESIPT) as well as intramolecular charge transfer (ICT) within the molecule. But in
presence of Hg?", QBE showed a sharp increase in fluorescence intensity by 18-fold at wavelength 444 nm with
high quantum yield (¢ = 0.159) for the chelation-enhanced fluorescence (CHEF) with coordination of Hg?*,
which hampers PET within the molecule. The strong binding affinity of QBE towards Hg?" has been proved by
lower detection limit at 8.47 uM and high binding constant value as 2 x 104 M~1. The binding mechanism has
been verified by DFT study, Cyclic voltammograms and Jobs plot analysis. For the practical application, the
binding selectivity of QBE with Hg?" has been capitalized in physiological medium to detect intracellular Hg?*
levels in living plant tissue by using green gram seeds. Thus, employing QBE as a fluorescent chemosensor for the
specific identification of Hg?" will pave the way for a novel approach to simplifying the creation of various
chemosensors based on quercetin backbone for the precise detection of various biologically significant analytes.

1. Introduction

Heavy metals are the primary contributors to contemporary envi-
ronmental pollution, with mercury identified as the most detrimental
among them. Its presence stems largely from coal combustion. Notably,
mercury pollutants undergo transformation into methylmercury via
assimilation by organisms at lower trophic levels, subsequently accu-
mulating within the human body through the food chain [1]. Mercury is
considered one among the few highly toxic metal ions, due to its detri-
mental effects to human beings over contamination [2]. Different type of
anthropogenic and natural sources, like gold mining, solid waste
incineration, fires from forest and fossils emit about 50 tonnes of mer-
cury particulates annually into the atmosphere [3]. Based on the envi-
ronment, the oxidation state of Hg?" can be converted to Hg® and also to
highly toxic organomercury compounds (methylmercury) by several
strains of aerobic bacteria [4]. Dental amalgam is also a source of
mercury toxicity [5]. Mercury exposure causes digestive, kidney, and
particularly neurological disorders, even at very low concentrations [6].

As the maximum permissible limit of mercury detection in food and
drinking water is 2 ppb (10 nm), need for developing sensors for
detection and monitoring mercury with its most stable form is of utmost
importance as compared to any other toxic heavy metal ions [7]. As a
result, numerous fluorescent sensors for the hazardous metal ion
detection have been created over the past years. In spite of vast devel-
opment of various fluorescent chemosensors, some common drawbacks
for the sensors development are low sensitivity and selectivity at ppb
level, poor solubility in aqueous environments, tedious and expensive
preparative methods, unsatisfactory cell-permeability [8].

There has been a lot of interest in a supramolecular method involving
binding between the mercury ion and a suitable ligand attached to a
fluorophore; which produces a change in the fluorescence property.
Moreover, the fluorometric detection of metal cations by emission
spectroscopy is a highly sensitive and straightforward key method in this
research area with relatively few demands on the equipment. In this
regard, the significant enhancement of emission intensity of various
fluorescent probes upon complex formation with metal ions are very

Table 1
Reported literatures based on quercetin moiety on comparison with QBE.
Sl No. Sensors Type of sensor and analytes names Detection Limit (LOD) References
1 Detection of tungsten species in water 0.28 ug/L 17a
Quercetin
2 Quercetin Fe>* recognition in aqueous medium 20.5 uM 17b
3 Quercetin Sensitive and selective detection of Cu®" 1 x 107 mol L* 17¢
4 Quercetin Detection of Yttrium (Y3") 27 nM 17d
5 Quercetin Complexation and solvent extraction behaviour towards lanthanide ions _ 17e
6 Carbon dots-quercetin systems Red emission ratiometric fluorescent nanoprobes towards Zn?** and ATP 0.14 uM (zn*") 17f
0.55 UM (ATP)
7 Quercetin@ZIF-8composite turn-on fluorescent sensor for detection of Al>* 0.58 pM 17 g
8 Carbon dot-Quercetin system Visual and ratiometric fluorescent determination of AI** 90 nM 17 h
9 Detection of Hg?" employing DFT study and cell imaging with live green gram 8.47 yM This work
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QBE

Scheme 1. (a) quercetin, benzyl chloride, potassium carbonate, dimethyl formamide, 80-90 °C for 18 h.

useful and these probes are called “light-up probes”. This significant
fluorescence enhancement of various fluorescent probes upon metal
binding is often applied in analytical biochemistry, biology, and also in
medicine [9]. A wide range of fluorescent chemosensors for mercury ion
have already been reported, however majority of them are obtained
from various heterocycles like triazole, pyridine, thiazole, quinoline,
pyrrole, or imidazole etc, and their derivatives are used as recognition
units [10]. In the current work, a natural flavonoid source has been
utilized as a fluorescent platform for selective detection of Hg". Most of
the plants contain flavonoids, a ubiquitous class of polyphenolic com-
pounds that are concentrated in bark, flowers, seeds, fruit skin or peel
etc [11] and the anti-inflammatory, anti-mutagenic, antiviral, anti-
antineoplastic, antithrombotic and vasodilator properties of flavonoids
have been demonstrated [12].

One of the most plentiful naturally occurring flavonoids in plants is
quercetin. It is also the most significant flavonoid in the human diet,
used as an active ingredient in various Chinese traditional treatments. It
is known to have some anti-cancer characteristics and anti-
inflammatory as well as antiviral actions [13]. Recently, it was
demonstrated that flavonoids, including Quercetin, have a variety of
inhibiting properties and can be employed as SARS-CoV inhibitory
agents [14]. On the other hand, the photophysical characteristics of
Quercetin, in particular the dual emission caused by excited state
intramolecular proton transfer (ESIPT) intramolecular charge transfer
(ICT) and its augmentation in aggregated state, known as aggregation-
induced emission (AIE) have received a lot of interest [15]. Therefore,
it is regarded to develop new quercetin based chemosensors for bio-
logical and chemical sensing of different important analytes. Moreover,
quercetin has a significant chelating effect on metal ions and serves as a
fluorescent unit in chemosensors due to its molecular structure con-
taining one carbonyl oxygen and five hydroxyl oxygens, which provides
lone electron pair and possess certain coordination abilities [16]. To
date, there are very few reports where quercetin itself has been used as a
fluorescent backbone for selective detection of different cations as metal
ions and anions but the use of quercetin derivative in sensing filed is
almost nil. We have summarized also a comparison table with previously
reported quercetin based sensors (Table 1) [17]a-h. Herein, we have
developed a fluorescent ligand quercetin coupled benzyl ethers (QBE)
for selective detection of mercury in mixed aqueous media and to the
best of our knowledge, QBE is the first quercetin based chemosensor for
selective detection of Hg?". Ligand QBE has been synthesized by one
step reaction of quercetin with benzyl chloride in presence of base po-
tassium carbonate (Scheme 1) and QBE has been characterized by B
NMR, '3C NMR and HRMS spectra (Fig.S5-Fig.S7).

2. Results and discussion
2.1. Synthesis and characterization

Anhydrous potassium carbonate was added (22.8 g, 165.2 mmol) to
a solution of corresponding quercetin (5 g, 16.6 mmol) in dimethyl
formamide (100 mL) under stirring condition for 6 h at room tempera-
ture. Followed by addition benzyl chloride (21 g, 165.5 mmol) to the
reaction mixture, drop wise using dropping funnel. The reaction mass
was later heated at 80—90 °C for 18 h. Reaction progress and comple-
tion of the reaction was monitored from TLC. Next the DMF solvent was
distilled under reduce pressure. The resulting mixture was cooled at
room temperature and followed by addition of dichloromethane (100
mL) washed the mixture with brine (2 x 50 mL) and the organic layer
was dried over anhydrous sodium sulphate. The crude product was
recrystallized with ethanol and isolated 7.8 g (yield 61 %). The chemical
structures of the ligands were confirmed by NMR and mass spectrometry
(ESI, Fig.S5 to S7).

1H NMR (CDCl3, 500 MHz): 7.71 (d, 1H, J =2 Hz), 7.61 (d, 2H, J =
9.5 Hz), 7.53 (t, 1H, J = 10 Hz), 7.39 (m, 20H), 7.21 (m, 3H), 6.95 (d,
1H, J =11 Hz), 6.49 (d, 2H, J = 2.5 Hz), 5.28 (s, 2H), 5.24 (s, 2H), 5.08
(s, 4H), 4.96 (s, 2H). '3C NMR (DMSO-de, 100 MHz): 172.83, 163.08,
159.58, 158.54, 152.51, 150.59, 148.09, 139.56, 137.44, 137.36,
137.28, 137.23, 136.52, 129.01, 128.91, 128.85, 128.83, 128.65,
128.60, 128.50, 128.41, 128.38, 128.33, 128.04, 128.00, 127.39,
123.38, 122.25, 114.55, 114.05, 109.36, 98.26, 94.63, 73.34, 70.63,
70.53, 70.43, 70.32. HRMS (ESI-TOF): (m/z, %): M Calculated for
CsoH4007 is 752.2774; Found: 753.2861 (M + H)*.

2.2. Uv-vis and fluorescence study

The photophysical behaviour of QBE (c = 2 x 10 M) was examined
in CH3CN-HEPES buffer solution (9:1, v/v, pH = 7.4). In the absorption
spectra, QBE exhibited a sharp peak at 330 nm but on addition of Hg2+,
the absorption intensity gradually increased at 330 nm. Significantly,
quercetin itself shows strong absorption peak appears at 372 nm but due
to the protection of 5-hydroxy groups by benzyl ether moieties in QBE,
bathochromic shift has been observed by appearing an absorption band
at 330 nm (A1 = 42 nm). This type of bathochromic shift in QBE is due to
the inhibition of ESIPT (5-OH group with 4-carbonyl group) and ICT
(n-electrons delocalization within molecule), which are generally active
in quercetin itself exhibiting a strong absorption band at 372 nm [18].

The fluorescence properties of QBE (¢ = 2 x 10°M) was analysed in
CH3CN-HEPES buffer (9:1, v/v, pH = 7.4) by addition of various cations
such as Hg?t, cr®*, Na?*. AI*Y, Mn2*, Pb%*, Mg?*, Ccd?*, Fe?*, cu?*,
Fe3t, Zn?* (¢ = 2 x 10" M). Particularly on addition of Hg?" to the
receptor solution, the fluorometric behaviour was analysed. Upon
excitation at 330 nm, initially the emission spectrum of QBE alone
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intensities of QBE for Hg?* in UV-vis and fluorescence spectra respectively.

HgCl,

Scheme 2. Probable binding mode of QBE with Hg?" in solution phase.

produced weak fluorescence signal at 444 nm with a relatively low
quantum yield @ = 0.0091. Initial low fluorescence of QBE is due to near
degeneracy of the n, * and n, n* states of QBE forming a pseudo-Jahn-
Teller distorted excited state [19]. Further increasing the concentration
of Hg?*, a strong emission band at 444 nm was observed with the in-
crease of emission intensity as well as high quantum yield by 18-fold (®/
@p = 0.1595/0.0091 = 18). In absorption and fluorescence spectra, on
gradual addition of Hg?" to the receptor solution resulted enhancement
of absorption and emission intensity at 330 nm and 444 nm respectively
up to a saturation level as depicted in Fig. 1a and Fig. 1c. The variation of
the absorbance and emission intensities with different concentrations of
Hg?* has been shown in Fig. 1b and Fig. 1d respectively.

The detection limit (DL) of QBE for Hg2+ has been calculated as 8.47
uM from emission titration results, using the equation DL = K x Sb;/S,
where K = 3, Sb; is the standard deviation of the blank solution and S
calibration curve slope [20] (Fig. S2). The molar absorptivity of the

probe QBE and QBE—HgZJr are 2.6 x 10* mol!-liter-cm ! and 2.6 x 10*
mol Uliter-em™! at 337 nm. The 1:1 binding stoichiometry for
QBEngz"' was established by Job plot analysis (Fig.S3). This implies
that one mercury metal is incorporated into the cavity of QBE generated
by carbonyl group and the benzylic ether moiety by four co-ordination
binding patterns of the mercury ion (scheme 2). From the fluorescence
titration experiment, the association constant (Ka) of QBE with Hg2+ has
been calculated as 2 x 10* M~! (error < 10 %) [21].

2.3. Interference study

To examine the binding of QBE towards various interfering metal
ions (Ni%*, Mn?*, Pb%*, Cd?*, Fe?*, Cu®T, Fe®T, Zn?T, Co®™, AI*T, Cr3*
as their chloride salts), the fluorescence experiment has been carried out
in presence of each of these metal ions in CH3CN-aqueous HEPES buffer
(9/1, v/v, pH = 7.4). However, only treatment with Hg?" resulted in a
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Fig. 3. Change in emission intensity of QBE (c = 2 x 10°M) on addition of 10
equiv. different metal ions (¢ = 2 X 107*M) (red bars); change in emission in-
tensity with addition of 10 equiv. various other metal ions along with addition
of 10 equiv. of Hg>" at 444 nm (pink bars). (For interpretation of the references
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this article.)

large enhancement of fluorescence intensity but significantly no emis-
sion enhancement has been observed even on introducing other inter-
fering metal ions. The emission color changes of QBE in presence of all
interfering metal ions have been shown in Fig. 2a. The relative change in
the emission spectra of QBE in the presence of all metal ions has been
shown in Fig. 2b and significantly only mercury induced fluorescence

enhancement of QBE has been observed (green line). Similar observa-
tion has been depicted in the bar representation where blue bar indicates
large emission enhancement in presence of Hg?* and other red bars
represent no significant emission signal response in presence of other
interfering metal ions (Fig. 2c).

2.4. Competition experiment

To explore further selectivity of QBE for Hg?", the effect of
competing metal ions on binding with QBE in the presence of Hg?" was
studied by performing cross-contamination tests using 10 equiv. of Hg>*
and other metal ions. As presented in Fig. 3, the results clearly depict the
emission enhancement of QBE in presence of Hg2+ (violet bars) remains
uninterrupted with no remarkable variation in the emission signal at
444 nm in presence of other different interfering metal ions (red bars).

2.5. Reversibility Test

The metal binding nature of QBE with Hg?* has been proved by the
reversibility test experiment by addition of excess NaEDTA (0-2.0
equiv.) to QBE + HgZJr complex solution. As represented in Fig. 4a, the
fluorescence intensity was gradually decreased on increasing concen-
tration of NagEDTA. The strong binding of NapEDTA with Hg2+ strips
away the metal from the metal binding cavity of QBE. The concentration
vs intensity changes of QBE on addition of Hg?>' has been shown in
Fig. 4b.

2.6. Probable binding mode in solution phase

The interaction of QBE with ngJr has been explained by various
methods including UV-vis, fluorescence, cyclic voltammograms and
theoretical study. In absence of Hg?>", QBE itself showed very weak
fluorescence since all the hydroxy groups of quercetin are protected by
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benzyl groups, which results inhibition of ESIPT (5-OH group with 4-
carbonyl group) and ICT (the delocalization of the n-electrons which is
generally prompted in quercetin itself by five hydroxy groups
throughout the molecule). The operating photoinduced electron transfer
(PET) within QBE is also responsible for the weak emission. Moreover,
weak fluorescence of QBE can be described by excited state degeneracy
of n, m* and n, n* states which resulted the development of a pseudo-
Jahn-Teller distorted excited state. The breakdown of the Born-
Oppenheimer approximation in the higher energy state may stem from
interactions occurring between the emitting state and adjacent excited
states [18,22]. Therefore, on addition of Hg?*, QBE showed high fluo-
rescence for the chelation-induced enhanced fluorescence (CHEF)
through the metal binding by multiple oxygen donor sites and inhibition
of PET effect through ligand to metal charge transfer (LMCT) resulted for
the generation of intense whitish blue fluorescence (Scheme 2). It has
been reported that carbonyl oxygen atom and oxygens of 3-OH or 5-OH
group (green coloured) of the quercetin are responsible to bind with
metal ion and here the cavity formed by the flavone carbonyl group
[17,23] and the oxygen of benzylic ether moiety of QBE fits for the
binding with Hg?" with four co-ordination sites having two chlorine
atoms of HgCly (Scheme 2). Moreover, 1:1 binding stoichiometry of QBE
with Hg?" has been proved by Jobs plot (Fig. S3) and theoretical anal-
ysis by DFT study (Fig. 8 and Fig. 9).

The sensing capability of QBE towards Hg?" has been explored
across various pH levels ranging from pH 2 to pH 12. Generally, QBE
exhibited negligible fluorescence within the pH range of 2 to 12. How-
ever, its fluorescence response remained notably high within the

[He (QBE)(CD1] (1)

Fig. 5. Geometry optimized molecular structure of (a) QBE and (b) 1.

Table 2
Selective bond distances and bond angles for 1.

Bond distance(A) Bond angles(°)

Hgl-Cl1 2.335 Cl1- Hgl1-01 97.66
Hgl-01 2.934 Cl1- Hgl-02 103.54
Hg1-02 2.388 Cl1- Hgl-Cl2 142.44
Hgl-Cl2 2.325 01- Hgl-Cl2 119.80
02- Hgl-Cl2 102.42
01- Hg1-02 53.20

physiological pH range in the presence of Hg?" (Fig. 54). Significantly,
QBE showed enhancement of fluorescence intensity in presence of Hg*"
when the pH was increased from 4 to 12 with the highest fluorescence
intensity at pH 7.4, indicating that the ligand QBE possesses high
selectivity and sensitivity towards Hg?* within the physiological pH
window (Fig. S4).

3. Structural optimization through DFT

The optimized geometry of QBE and complex Hg (II)-QBE (1)
through DFT is shown in Fig. 5. The theoretical geometry related pa-
rameters of the complex are tabulated in Table 2.

The complex 1 having metal centre Hg?" are tetra-coordinated with
neutral ligand (with O3 donor system) and two mono negative chlorides
counter anion, satisfy the tetrahedral geometry to form the mononuclear
complex. The theoretical Hg-Cl bond distances are as 2.335 A and 2.325
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ligand in ACN solution (iii) mixture of 600 uM Hg?* and 20 uM ligand in ACN
solution (iv) 600 M Hg®" in ACN solution.

A and Hg-O bond lengths are ranging as 2.388-2.934 A for complex 1
respectively. Moreover, it is found that the HOMO-LUMO energy gap
(Fig. 6) are AE = 7.58 eV and 7.43 eV for QBE and complex 1 respec-
tively which is responsible for the stabilization of the complex forma-
tion. Moreover, optical transition for the complex 1 with composition in
terms of molecular orbital contribution of the transition, vertical exci-
tation energies, and oscillator strength in acetonitrile has been calcu-
lated (Table S1).

Theoretical electronic spectra

The complex 1 shows one absorption band at 330 nm at room tem-
perature and the corresponding calculated absorption band located at
325 nm which are in excellent agreement with experimental result.
These spectral bands can be assigned to the So — Sg transition for
complex 1.
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4. Cyclic voltammograms study

The significant binding of QBE with Hg?" has been shown by Cyclic
voltammograms analysis. Solution phase study was done for electro-
chemical analysis of the QBE where 3 electrode system was chosen for
the analysis in which GCE acts as working electrode, platinum electrode
as counter electrode and Ag/AgNO3 in CH3CN as non-aqueous reference
electrode. Firstly, a control cyclic voltammogram was obtained in 10 mL
acetonitrile solution. Then 20 pM of QBE was added in CH3CN solution
followed by cyclic voltammogram analysis. There was no significant
peak was found in this analysis of QBE. After that a cyclic voltammo-
gram was carried out in 600 uM of HgCl, in 10 mL of CH3CN without
ligand addition and significant Hg?' oxidation peak current was
observed. But once 600 uM of HgCl, was added in the presence of QBE,
the Hg?* oxidation peak current was significantly decreased which
strongly implied the binding of Hg?" with the QBE (Fig. 7).

5. Biological study
5.1. Invitro cytotoxicity

The trypan blue penetrates the damages membrane of the dead cells
and, thereby stains it as blue [24]. In the present study, the LD50 of QBE
was determined as 35.26 pM based on the linear equation y = 1.5795x —
5.6982, R? = 0.8729 by using the trypan blue cytotoxicity assay on the
goat blood lymphocytes. The LD50 was found to be more than 3.5 times
higher than the maximum concentration of the QBE (10 uM) used for
this study. Hence QBE can be generally regarded as safe.

5.2. Fluorescence imaging study

For the practical application, we have utilized quercetin based flu-
orogenic potent chemosensor QBE for the detection of Hg?" accumu-
lation in seedlings of green gram (Vigna radiata) cells. The plant green
gram has been established as an economical, user-friendly, and easily
accessible plant-based system for initial evaluation of lead compounds.
We observed > 90 % germination of seeds, and no statistical differences
in root lengths were noted for all the experimental conditions (Fig. 8).
Finally, fluorescence microscope-based imaging study of the transverse
sections of the root sample revealed strong fluorescence for 5 uM QBE +
50 uM HgCly and 10 uM QBE + 50 uM HgCl, sets (Fig. 9).

6. Conclusion

Quercetin based a novel chemosensor (QBE) has been utilized for
selective detection of Hg?". The interaction of QBE with Hg?* has been
elucidated by various techniques like UV-vis, fluorescence, cyclic vol-
tammograms and theoretical study. Strong binding affinity of QBE to-
wards Hg?" has been shown by the strong increase in emission intensity
as well as high quantum yield by 18-fold with a strong emission band at
444 nm due to inhibition of PET and chelation-enhanced fluorescence
(CHEF) effect of QBE on binding with Hg2+. Lower LOD (Limit of
Detection) at 8.47 uM and high binding constant value as 2 x 10* M™?
showed the strong binding affinity of Hg?>" towards QBE with 1:1
binding stoichiometry. The intracellular activity of QBE towards Hg?*
binding has been examined by using living plant tissue by using green
gram seeds. In vitro cytotoxicity has been measured by using Trypan
blue test and lymphocyte cells with the calculated LD50 (Lethal Dose 50)
based on different concentrations of QBE. Since there have been limited
instances of employing quercetin itself as a fluorescent framework for
specific identification of various cations and anions, the utilization of
QBE as fluorescent backbone for selective detection of Hg?* will open a
new direction to simple design for the development of various chemo-
sensors for selective detection of various biologically important
analytes.
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Fig. 9. T.S. of root samples visualized under fluorescence microscope (10X) at excitation wavelength of 325 nm; L: QBE, H: HgCl,.
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An Ethical E.\'cursion ofEutlmnasia

Dyutikana Bajani

Assistant Professor in Philosophy
Sagardighi K.K.S, Mahavidyalayn

Abstract :

Euthanasia, dignified death, assisted suicide, mercy killing, active, passive, mora] dilemma,

The ending of ife s called death. But murder signifies the destruction- of Jjfe, People die in
regular flow of Jife in nature. But murder g always foliow by a certain motijye and a planning',
This motive might be both beneficial or fata and sometimes it can-be mighty, Now, question
may arise - how can murder be mighty? In general, when a person takes life of another person
for his vengeance to fulfilled. Again when a Petson destroys the [ife of his own, that js called
suicide. There js no place for revenge behind su.icide angd there is ng context of destruction of Jjfe
against one’s will, A person is the soul owner of hjs life and he possesses the right to destroy i,
Hence, suicide, though no desired, but is not a crime at al]!,

There is another type of death which is called mercy killing or euthanasia. In this case, a
person’s life is put to an end out of inercy to relieve the person from his agony of incurable
disease. Now the question is, should an individual, in addition o the right to live, have a right to
die? Should he haye 4 right to decide, how and when to'end his life? The debate of Euthanasia
has been a global) Y controversial und overheated issue for many decades, The debate cuts across
complex and dynamic aspect such as legal, ethical, human rights, health, religious, economic,
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An Outline of Women's Empowerment

Dyutikana Bajani
Department of Philosophy

Sagardighi K. K.S. Mahavidyalaya
Abstract:

Lo el few . gV
" oA .f:_':_ A L

Women empowerment is an act of gii!i‘n"‘g! women the pbwer or-authority to do something. In our
country 'women empowerment' is a very accessible topic. Few decadés ago here women has no
control over theirno;gr}"life or t}]e._I.situatib"ri"'fHES;"'"WEFé.-'-'in. In the post independence period the
scenario has ct}#gﬁ‘ge’d. This-_ﬂc;}palﬁ‘ﬁe took place due to the grovith-'*o‘_,t;female literacy. Educational
knowledge mal ¢s them ,tgv%'l known about their place in the outs’i‘ﬁ’eggvorid. They realize their
ability or pggéfhti'ality_ ﬁr the social development. This article discussé‘%’tg formal di%_s.cription of
the tenn_&gﬁﬁbower@%ht‘ ‘' the context of women empowerment. But there is'not any well-
defined !E?xﬂplanatiqf%?fdr this term 'empowerment’. Because the concept: '‘power' is itself unclear.
So in Unﬁ%rstandii g women empowerment, we need to look at the different meaning of the term
‘powcﬁi’i}o"and:-,as ‘“J 11t

ell ‘as ‘empowerment’ This dissertation explains the term.‘power’ in different
_ ke ;‘pﬁ@weiga‘tm%, ‘s’f@gial power’; political _QQP_vacr,
%“li@] el pg@g_@ent' is, also usedfin various sense:
Jermer _,‘at_éel’j,qﬁl;:gari‘i%ati’iﬁﬁ' level ang.-empowerment at

power! and 'empoy erment'this article explains

s

psychgfbgical poerete:
s on e i
empoyerment at{;

it :{a umlg i woﬁma ' LlS;Eﬁ%lﬂBtO'hY&ln dignity and
, gilgq”‘a*hi?ii'ﬁd.i'épeﬁé’at'ile “tool fé:‘_ti}bgaqy;incihg@’évclopmem and
reducing poverty. Empoyere
and communities and improved prospéets-for_the fext ‘generation, Since the beginning of
civilization, there has been 5uﬁ@%ﬁaénCey;,;@wa'ﬁ%ﬁbeing'J"é%ﬁ"s“fﬂcred inferior to men. Almost
every country, no matter how progressive has a history of ill-treating women. This has eventually
nudged to women to retrospect their status in society and has even led women from all over the
about gender equality and have continuously made efforts to empower themselves to achieve that
equality. The empowerment and autonomy of women and the improvement of their political,

A N () . i gk T . vr -

H‘.Sv\'ég;mp?’ik’-’cqntribute to the he%lth afid productiyity of whole families
world to be rebellious to reach the status they have today. Since then, women have been vocal
social, economic, and health status is a highly important end in itself.
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Moukhik Tathyer punorparjalochona

Ujjal mandal

Assistant professor
. Department of history
Sagardighi K.K.S. Mahavidyalaya
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Abstract:
[Maharaja Nanda Kumar was the revenue collector of Alibardi Khan.
Later disagreement broke out in between Sirajuddla and Nanda Kumar.
Mirjafor, after becoming the Nawab of Bengal, failed to pay the demand
of the E.LC. and compelled to give up all responsibilities, regarding the
collection of revenue in Nadia and Burdwan to E.L C. From this time a
conflict broke out in between Nanda Kumar and Waren Hastings, then the
Governor General of Bengal. Nanda Kumar brought some precious
wealth like string of pearls neckles and four diamond ring to
;l.' Murshidabad when he was Dewan of Hooghly. Later he sold this wealth
" to'Bulaki Das, a money lender and he lost it. As a result Bulaki Das failed
. to repay said money to Maharaja Nanda Kumar and gave him a deed by
mentioning about the collection of said money from the British Treasury
of Bangladesh. After death of Bulaki Das, Maharaja Nanda Kumar
withdrawal the said money but Waren Hastings as a conspirator, tried to
~ prove that this deed was duplicate one and Supreme Court declared
. hanging order to Nanda Kumar. Though oral sources says that Waren
;-: Hastings tried to export a precious Kali Idol from Bengal. But Maharaja
- Nanda Kumar wanted to setup this idol to his nearby village, I.E. Akalipur
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Tirtho Kendrer Janapriyatar Karon: Prosonga T'arapith Mandir

Ujjal Mandal

Assistant Professor, Dept. of History

Sagardighi ICK.S. Mahavidyalaya

Abstract: Chandipur village in Birbhum is now known as Tarapith. Today the Tarapith
temple has gained popularity like other pilgrimage sites like Tarkeswar, Kalighat or
Dakshineshwar. As a resull, a temple-centric tourism industry has developed around Tarapith. A
large number of hotels have been built here due to the influx of pilgrims. Shops adjacent to the
temple have seen a massive increase in buying and selling, resulting in a massive change in the
socio-economic life style around the temple. In this article I have highlighted the reasons
behind the popularity of Tarapith Temple. There are various reasons behind the popularity of
temples located in different parts of India. Similarly the popularity of the Tarapith temple has
increased. 1 have tried to highlight what other reasons are behind this. Discussion article
includes miraculous Powers of 'Siddha Purusha' (man of veligious austerity) like Bamakshyapa,
Tarakshapa, Geographical location of Tarapith and the Improvement of communication System,
Jacilities for the pilgrims, the opportunity to travel from here to other places or to the pilgrimage
sites etc. have been highlighted. Side by side, the immense faith of the pilgrims towards

Taramaa' (Tutelary deity) has also been highlighted as the main reason for the popularity of this
pilgrimage site.
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AN INFLUENCE OF R. N. TAGORE'S POETRY ON PARTITION
LITERATURE

Rajarshi Maity o i
Research Scholar, Department of English, Sardar Patel University, Balaghat,
Madhya Pradesh, 481331.

Abstract

Nearly two dozen plays and play lets are also among Tagore's many works and essays on subjects
including philosophy, literature, religion, education, and society. Twenty of the 200 short stories
that Tagore penned are among the finest gems. Fundamental societal issues are addressed in
Tagore's books, including the deplorable circumstances of Hindu widows and the rise of a new
type of woman seeking fulfillment. In general, Tagore's novels imply a pattern that aims to
éncompass his perception of Indian reality and his elaboration of concepts about the nature of
Indian society and culture that have caught up with the theories of radical transformation.
Rabindranath Tagore, India's Renaissance man was exposed to a wide range of concepts and ways
of life from both the east and the west, which allowed tradition and culture to mingle and grow
throughout the course of his lengthy life. We get to evaluate how these concepts were absorbed,
modified, added to, and moulded in his magnificent consciousness. His subsequent compositions
were heavily influenced by Vaishnava literature and philosophy. One may see how Bhanusimher
Padaboli's literary ideas were influenced- by lyrics from Vaishnava hymns. The explicit
compil%tions are what present Tagore in relation to Bengal's Krishna-Chaitanya literary heritage.
In his masterful plays, poetry, paintings, and musical works, he skillfully combined key Vaishnava
themes like madhurya, viraha, abhisara, bhakti, lila, sadhana, and shakti, giving each one a
mystical human appearance. :

Keywords: R. N. Tagore's, Poetry on Partition, Tagore’s families, Political Novels of Tagore,
Emergence of New Women.

Introduction

The systematic study of concepts and problems, the rational pursuit of fundamental truths, the
search for a complete comprehension of reality, the investigation of moral principles, and a great
deal more are all parts of philosophy. Additionally, philosophy makes a distinctive contribution to
the comprehension of other academic disciplines and areas of research. Ope area of study that
examines the moral relationships between people as well as the value and status of the environment
and other living things is environmental philosophy. As we approach the third decade of this
millennium, our globe faces fresh issues, notably those related to the environment and the
economy. These issues have one thing in common; they affect everyone globally. The connection
between people and nature is incredibly special and dynamic. The current perspective on this
interface claims that our viewpoint is unsustainable and lacking in thoughtfulness. Therefore,
reframing the relationship between humans and nature in a productive Wway can help us change our
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CRITICAL REVIEW ON SELECTED NOVELS OF KHUSHWANT
SINGH WITH SPECIAL REFERENCE TO SOCIAL REALISM

RAJARSHI MAITY
Research Scholar
ARI9BPHDELOO7
Enrollment No.
ENGLISH
DR. SHOBHA SHARMA
Supervisor:
SARDAR PATEL UNIVERSITY, BALAGHAT

DECLARATION: 1 AS AN AUTHOR OF THIS PAPER /ARTICLE, HERE BY DECLARE THAT THE
PAPER SUBMITTED BY ME FOR PUBLICATION IN THE JOURNAL IS COMPLETELY MY OWN GENUINE PAPER.

IF ANY ISSUE REGARDING COPYRIGHT/PATENT/OTHER REAL AUTHOR ARISES, THE PUBLISHER WILL
RESPONSIBLE. IF ANY OF SUCH MATTERS OCCUR PUBLISHER MAY REMOVE

NOT BE LEGALLY

MY CONTENT FROM THE JOURNAL WEBSITE. FOR THE REASON OF CONTENT AMENDMENT/OR ANY
TECHNITAL ISSUE WITH NO VISIBILITY ON WEBSITE/UPDATES,I HAVE RESUBMITTED THIS PAPER
FOR THE PUBLICATION. FOR ANY PUBLICATION MATTERS OR ANY INFORMATION INTENTIONALLY
HIDDEN BY ME OR OTHERWISE, ISHALL BE LEGALLY RESPONSIBLE.(COMPLETE DECLARATION OF

THE AUTHOR AT THE LAST PAGE OF THIS PAPER/ARTICLE

Abstract:

The goal of realism in art is to depict life as accurately as possible. The aim of social realism

is to portray society as truthfully as possible. The social realism subgenre can be found in all

forms of media, including film, literature, visual arts, television, and theatre. At best,
Khushwant Singh represents this social genre. Indian contemporary literature served as a
vehicle for the socio-political reality of that country during the British colonial administration.

In this article, critical review on selected novels of Khushwant singh with special reference to

social realism has been discussed.

Keywords: Khushwant Singh, Novels, Social, Realism

INTRODUCTION:
An approach that stems from a study of reality in terms of natural forces, realism has focused

primarily on the common places of everyday life among the middle and lower classes, where
character is a product of social factors and environment is the integral element in the dramatic
complications in literature. Although the two styles of realism are similar, social realism is a
subgenre of realism. Realism is a literary genre that appears to faithfully "reflect" or record a
true way of life. The phrase can be used to describe a literary technique that emphasizes

accurate detail in description as well as a more general mindset that rejects romanticism's
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Abstract

A notable essayist Rabindranath Tagore, the entertainer of Mother India, possesses a front
Jfacing position in the universe of the prophets of Humanism. He turned into the very first Asian
essavist to be granted a Nobel Prize in 1913 for deciphered variant of his pattern of melody
sonnets, Gitanjali. 11 is imperative to realize that Rabindranath Tagore's manifestations and
exercises has a typical having that is his affection toward Man at the end of the day his affection

Jor humankind by upholding the upsides of mankind like harmony and concordance in the
country at large. Tagore's verse Gitanjali mirrors his frantic endeavours to see the world to
live in harmony and agreement truly. He endeavours hard and difficult to cultivate the upsides
of humankind and get the satisfaction the land by empowering the majority to cherish each
other, live in harmony and have an agreeable existence loaded with happiness. Tagore will
probably channelize the floods of patriotism to the heading of universalism by liberating human
spirit from all subjugation and insignificance of the world and in this way rising above itself

into a quest for widespread love and fellowship that the Lord gives to the humankind.
Keywords: Brother Hood, Rabindranath Tagore, Harmony, Humanism

1. Introduction

In his life, Rabindranath Tagore (1861-1941) is an incredible proportion of transcendental and
groundbreaking figures, not only within his native Bengal and his beloved India. Was , yet to
an impressive degree, all through the world. As a complex virtuoso and renaissance man second
to none, he not just conveyed the writing and crafts of Bengal, essentially independently, to

bewildering levels of imagination, yet, by his rousing words, his melodiously unmatched tunes,
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Abstract:
A key and distinctive aspect of Khushwant Singh's writing is his use of literary realism. His

depiction of Indian society and culture is rich and nuanced because of his attention to detail,
concentration on the daily lives of common people, sensitivity to social and cultural
distinctions, and refusal to romanticize or idealize Indian life. Because of his novel’s sincerity,
authenticity, and comprehension of the complexities of contemporary India, many people still

read and value them. In this article, an analysis on social realism of Khushwant Singh’s selected

novels has been discussed.

Keywords: Social, Realism, Khushwant Singh, Novels

INTRODUCTION:
Singh's novels express and uphold his positive, upbeat outlook on life as well as his unwavering

belief in the virtues of humanity and love. As V.A. Shahane accurately notes, Khushwant
Singh's realism promotes the idea that literature and society have an inextricable and enduring
relationship. While significant, literature's reflexive value cannot serve as the exclusive

benchmark for assessing works of literature. The artist's point of view during the experience
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ABSTRACT

Il over the world. Its

i ning and universal issue 3 s
‘Women empowerment’ is burning ngth of the women to ensure

and improving the social, economic, political and legal stre o5y -y
to womP:rl ar:d to r:ca:e them confi‘:;lenl enough to claim their rights !n
workplaces. Here | discuss in this paper the views of Mahatma Gandbhi, the
Rabindranath Tagore, proponent of Indian National Anthem. They had expressed he
had written on numerous issues in particular and humanity in general. This article ex;
important and relevance of their views on issues that directly impacts the status of y
Gandhi is being considered the flowing issues of women like — equality of sexes, maj
dowry system, widow remarriage, divorce, women's honour, education and co-edu;
control, sterilization etc. Tagore also considered the women e quality, education, pove
of income health and demographic change, education globalization, women environme
take these views in our life then it can change our society and motivate our humanity,
KEYWORDS: Empowerment, Rabindranath Tagore, Mahatma Gandhi, improving , Educa
Globalization ‘

DETAILS
‘Women empowe rment’ is buming and universal issue all over the world. Its refers
improving the sodal, economic, politial and legal strength of the women to ensu
women and to make them confident enough to daim their nghts in commui
workplaces. Here | discuss in this paper the views of Mahatma Gandhi, the fatt
Rabindranath Tagore, proponent of Indian National Anthem. They had expressed '-

written on numerous issues in particular and humanityin general. This artide exa
and relevance of their views on issues thatdirectly impacts the

being considered the flowing issues of women like —

health and demographic change, education globaliza tion, womenenvironmentetc

Gandhi's view of women empowerment-

Equality of sexes: Women mustnotsufferany | ———
y legal b
perfectlyequal (Young India, 17th Octope, Bal disability which is not suffered

1929). Se xyal €quality does not transla
5200
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Jlbandebata The Pursult Of Rabmdranath Tagore
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2" Author

Sarbamoyee Bandyopadhvay
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Abstract- The idea of God in our mmds is not onh,r |mportan_ it a o ‘a matter :For example some
of us think that God predetermines our fate or God can control our fate and |t is happl”_"ed accordmgl'y our
deeds in the previous birth. On the other hand, there are 'some people who t_:omp!efgly believe in their
works and they think that we can create our fate by our good deeds and mo;twl'mpurf%,qtly we can control
and manage ourselves. In this article we are going to dlscuss abuut Tagore s,«coruceat of{hthat power ‘by
which we can make our lives. Accordingly to Tagore this power ls cai!edv]’lbﬁ c:ielaaltﬁg who is unseen but
who's existence in our lives cannot be'denied. Generally we' thmk that Tagore‘rs “libandebata’ is another
name of God himself. But we come to know that Rabindranath Tagore Tievér wants to mean God by his
‘libandebata’. The religious texts always highlight that God who represents the world but Tagore's
‘libandebata’ is completely different from him. He says that ‘Jibandebata’ can be felt and he is special to
everybody. He is the life and existence as well. Human beings have nothing else apart from him.

Keyword- ‘Jibandebata’, Nature, Atmaparachay, koutukmoyee, Viswaprakriti, Tagore, Anagoto.

It is thought that Tagore can first realize the presence of his ‘Jibandebata’ when in 1890 he has to go to
Shilaidzh from Kolkata to look after the zamindari. This ‘Shilaidah days’ is a very important part in Tagore's
life because the environment he feels here, the people he comes across and the unceasing waves of river
Padma help him to read the meaning of living more deeply. It can be easily sald that If Tagore never gets
opportunities to spend a long time in the bank of the river Padma then his ‘Jibandebala’ also remains
elusive. Although the natural beauty of river Padma and the environment of Shilaidah take an important part
in Tagore's realization of “Jibandebata’ but according to Tagore in his whole life he has faced the

“Jibandebata’ in different ways at different times. In other words, he has felt his ‘Jibandebata’(The God of
life) in regular different forms.

WCRT2304672 | International Journal of Croative Research Thoughts (IJCRT) | f450
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Abstract- The idea of God in our mmds is not onh,r |mportan_ it a o ‘a matter :For example some
of us think that God predetermines our fate or God can control our fate and |t is happl”_"ed accordmgl'y our
deeds in the previous birth. On the other hand, there are 'some people who t_:omp!efgly believe in their
works and they think that we can create our fate by our good deeds and mo;twl'mpurf%,qtly we can control
and manage ourselves. In this article we are going to dlscuss abuut Tagore s,«coruceat of{hthat power ‘by
which we can make our lives. Accordingly to Tagore this power ls cai!edv]’lbﬁ c:ielaaltﬁg who is unseen but
who's existence in our lives cannot be'denied. Generally we' thmk that Tagore‘rs “libandebata’ is another
name of God himself. But we come to know that Rabindranath Tagore Tievér wants to mean God by his
‘libandebata’. The religious texts always highlight that God who represents the world but Tagore's
‘libandebata’ is completely different from him. He says that ‘Jibandebata’ can be felt and he is special to
everybody. He is the life and existence as well. Human beings have nothing else apart from him.

Keyword- ‘Jibandebata’, Nature, Atmaparachay, koutukmoyee, Viswaprakriti, Tagore, Anagoto.

It is thought that Tagore can first realize the presence of his ‘Jibandebata’ when in 1890 he has to go to
Shilaidzh from Kolkata to look after the zamindari. This ‘Shilaidah days’ is a very important part in Tagore's
life because the environment he feels here, the people he comes across and the unceasing waves of river
Padma help him to read the meaning of living more deeply. It can be easily sald that If Tagore never gets
opportunities to spend a long time in the bank of the river Padma then his ‘Jibandebala’ also remains
elusive. Although the natural beauty of river Padma and the environment of Shilaidah take an important part
in Tagore's realization of “Jibandebata’ but according to Tagore in his whole life he has faced the

“Jibandebata’ in different ways at different times. In other words, he has felt his ‘Jibandebata’(The God of
life) in regular different forms.
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