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Experimental and theoretical study of novel
aminobenzamide—aminonaphthalimide
fluorescent dyads with a FRET mechanism
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In this work, both experimental and theoretical methods were used to study the photophysical and metal
ion binding properties of a series of new aminobenzamide—aminonaphthalimide (2ABZ-ANAPIM)
fluorescent dyads. The 2-aminobenzamide (2ABZ) and 6-aminonaphthalimide (ANAPIM) fluorophores
were linked through alkyl chains (C, to Cg) to obtain four fluorescent dyads. These dyads present
a highly efficient (0.61 to 0.98) Forster Resonant Energy Transfer (FRET) from the 2ABZ to the ANAPIM
due to the 2ABZ emission and ANAPIM excitation band overlap and the configurational stacking of both

Received 22nd December 2021 aromatic systems which allows the energy transfer. These dyads interact with Cu?* and Hg2+ metal ions
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in solution inhibiting the FRET mechanism by the cooperative coordination of both 2ABZ and ANAPIM

DOI: 10.1039/d1ra09278b moieties. Both experimental and theoretical results are consistent and describe clearly the photophysical
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Introduction

Nowadays one of the main problems worldwide is population
growth. It is known that the world population amounted to 2529
million in 1950 and it will be 9700 million in 2050." The pop-
ulation growth is intrinsically related to the consumption of
natural resources, especially water. The data from the World
Water Assessment Programme (WWAP) indicate that 2 million
tons of garbage are dumped into the sea every day, and 70% of
industrial waste is dumped without a prior treatment. Some of
these pollutants are heavy metals, in particular Hg>", Pb**, Cu>*
and Co**. The major risk of heavy metals is that they are not
chemically or biologically degradable and cause health

“Centro de Graduados e Investigacion en Quimica, Tecnologico Nacional de México/IT
de Tijuana, Tijuana, Baja California, Mexico. E-mail: adrian.ochoa@tectijuana.edu.
mx

*Unidad Académica de Ciencias Bdsicas e Ingenierias, Universidad Autonoma de
Nayarit, Tepic, Nayarit, Mexico. E-mail: josejc@uan.edu.mx

‘Departamento de Investigacion en Polimeros y Materiales, Universidad de Sonora,
Hermosillo, Sonora, Mexico

Centro de Investigaciones Quimicas-(IICBA), Universidad Autonoma del Estado de
Morelos, Cuernavaca, Morelos, Mexico

“Instituto de Quimica, Universidad Nacional Auténoma de México, Ciudad de México,
Mexico

1 Electronic supplementary information (ESI) available: MS data; 'H NMR, “*C
NMR, FTIR and electronic absorption and emission spectra of relevant
compounds, as well as additional information from the calculations. See DOIL:
10.1039/d1ra09278b

6192 | RSC Adv, 2022, 12, 6192-6204

and coordination properties of these new dyads.

problems such as intoxication, blindness, amnesia and some-
times death, in relatively high concentrations.”

Especially, Hg>* ion is one of the most toxic and prevalent
heavy metals, it is widely distributed by air, water and soil with
cumulative and persistent characteristics, it causes damage in
DNA, alterations in cell mitosis and defects in the nervous
system.? On the other hand, has been reported that a short time
exposure to high concentrations of Cu®>" may result in anemic
brain disorders, while a long-term exposure causes hepatic
cirrhosis or perception of a nerve barrier.* Therefore, more
efficient, economical and viable techniques for detection and
removal of heavy metals are desirable. A promising alternative
for selective detection and extraction of heavy metals are the
fluorescent chelating compounds, known as chemosensors,
because they have several advantages such as simplicity, low-
cost instrumentation, and the ability to be used for real-time
monitoring.>®

A common challenge in developing new fluorescent che-
mosensors is to find chemically stable fluorophores under the
analysis conditions. The 1,8-naphthalimide (NAPIM) and 6-
amino-1,8-naphthalimide (ANAPIM) fluorophores have been
widely studied and applied in the design of fluorescent che-
mosensors due to its excellent photophysical properties such as
high quantum yield, excitation and emission wavelengths at the
visible spectrum, and high photo- and chemo-stability, among
others.””

In literature there are reports regarding the design and study
of naphthalimide based chemosensors for the detection of
metal ions and anions as well as pH measurements. Anbu and
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coworkers developed a new naphthalimide-phenan-
throimidazole fluorescent chemosensor for a turn-ON Cu”*
detection in living cancer cells,' and a naphthalimide-aza 18-
crown-6 ether ion-selective chemosensor for UO,>" ion was re-
ported by Tsukahara. A ratiometric 4-amido-1,8-
naphthalimide fluorescent sensor based on excimer-monomer
emission for determination of pH and water content in
organic solvents was reported by Bojinov and coworkers."
Zhang and coworkers developed a novel naphthalimide-gluta-
thione chemosensor for fluorescent detection of Fe** and Hg>"
in aqueous medium™ and the green synthesis of fluorescent
N,O-chelating hydrazone Schiff base for multi-analyte sensing
in Cu®*, F~ and CN™ ions was reported by Ervithayasuporn.™
Also, a highly Al’"-selective fluorescence probe based on
naphthalimide-Schiff base and its application to practical water
samples was reported by Whu and coworkers.’> Zhang and
coworkers'® developed a selective chemosensor for Cu”* ion,
where ANAPIM is connected to a dihydroxibenzylimine
receptor. This chemosensor displays an ON/OFF fluorescent
response in a buffered aqueous media at pH 7.2. A 1 : 2 metal-
ligand ratio was established for the supramolecular complex.
Finally, they concluded that the quenching of fluorescence is
due to the intrinsic strong paramagnetic effect of Cu** ion.
Pachenko and coworkers'” designed a selective chemosensor for
Ca*" jon detection connecting the ANAPIM fluorophore to an
aza-15-crown-5 ether in two different fashions to modulate the
fluorescent response.

A fluorescent dyad with an ICT-PET-FRET mechanism acting
as a pH sensor was studied by Baoli and coworkers (Fig. 1a),'®
using coumarin and ANAPIM chromophores as energy donor
and acceptor to improve the FRET mechanism, connecting
a morpholine group to ANAPIM inducing a PET process.
Theoretical calculations showed that the HOMO of morpholine
is in —5.4 eV and the HOMO of ANAPIM is —5.71 eV, which
favors the PET from morpholine to ANAPIM. Coumarin and
morpholine groups are sensible to pH and into acid environ-
ment the morpholine is protonated inhibiting the PET process
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Fig.1 Chemical structure of (a) coumarin—ANAPIM, (b) 2ABZ—-NAPIM,
(c) NAPIM—-DANS and (d) 2ABZ—-ANAPIM fluorescent dyads.
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allowing the FRET from coumarin to ANAPIM with an emission
at 525 nm. On the contrary, in a basic medium the coumarin is
deprotonated inducing an ICT and emitting at 467 nm. This
work demonstrated the ability of ANAPIM chromophore as
energy acceptor in a FRET process.

Previously, we studied the photophysical properties and
sensing behavior towards metal ions of a series of amino-
benzamide-naphthalimide fluorescent dyads (2ABZ-NAPIM)
with ICT-PET fluorescent mechanisms (Fig. 1b)."” In these dyads
the exciting and emission wavelengths of both fluorophores are
similar emitting around 400 nm. Interestingly, the fluorescence
intensity of 2ABZ-NAPIM dyads was dependent on the spacer
length and their quantum yield were lower than the individual
fluorophores, which was attributed to a PET process. This PET
was analyzed by theoretical methods finding that the HOMO of
NAPIM and 2ABZ are at —6.98 eV and —5.47 eV respectively,
indicating an electronic transfer from 2ABZ to NAPIM. Electro-
chemical analysis also confirmed the direction of this process.
These dyads were sensitive towards two metal ions such as Hg>"
and Cu** inhibiting the PET in the shorter dyads and showing an
OFF/ON fluorescent response by the increasing emission of
NAPIM fluorophore and inhibition of an ICT in the 2ABZ. The
NMR analysis demonstrated the interaction of the metal ions in
the 2ABZ is through the amine and amide functional groups, as it
was previously reported by other authors.”** Some fluorescent
dyads containing a naphthalimide (NAPIM) and dansylamide
(DANS) fluorophores linked by a polymethylene spacer were re-
ported by Pischel (Fig. 1c).* This work describes a singlet-singlet
energy transfer (SSET) and PET processes between NAPIM and
DANS. Both processes were affected by the presence of protons
quenching DANS and enhancing NAPIM fluorescence. Ramaiah
and collaborators® found that the presence of Cu®" and Zn>" has
the same quenching effect in the dyads with shorter spacing
length due to the SSET and PET processes, instead a FRET
process occurs in dyads with longer oligomethylene chain (six
and eight methylenes).>

In this work new 2ABZ-ANAPIM dyads with an ICT-FRET
mechanism were synthesized and evaluated against metal
ions varying the distance between both fluorophores to opti-
mize the resonant energy transfer as well as, to study the
detection of metal ions (Fig. 1d). Additionally, the experimental
results are complemented by excited state calculations in order
to rationalize the photophysical mechanism of the dyads, as
well as the changes in their optical response after complexation
with metal ions.

Experimental section
Materials

All chemical reagents were purchased from a commercial
supplier and were employed as received without further
purification.

Measurements

"H NMR spectra were recorded in a 400 MHz Brucker Advance
III NMR spectrophotometer; the samples were dissolved in
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DMSO-de containing small amounts of TMS as the internal
standard. FTIR spectra were recorded using a PerkinElmer
spectrophotometer Spectrum 400 in the range from 4000 to
600 cm . MS (FAB+) HRMS analysis were recorded in an
MStation JMS-700 JEOL. Optical properties of NDIs were
analyzed by UV-Vis and fluorescence spectroscopy, recorded in
a UV-Vis Spectrophotometer of double beam Shimadzu model
UV2700 and a Varian Fluorescence Spectrophotometer model
Eclipse Cary.

Synthesis

6-Bromo-2-propyl-1H-benzo[delisoquinoline-1,3(2H)-dione
(1). In a 50 mL round bottom flask with magnetic stirring the 4-
bromo-1,8-naphtoic anhydride (500 mg, 1.8 mmol) was dis-
solved in ethanol (25 mL), propylamine (1.8 mmol) was added
and the mixture was refluxed during 16 h. Then the reaction
mixture was cooled to room temperature until a solid was
observed. The solid was filtered and washed with cold ethanol
and dried at RT. Brown solid, 459 mg, 1.44 mmol, 80% yield.

'H NMR (DMSO-de, 400 MHz): 6 8.68 (dd,J = 7.3, 1.2 Hz, 1H),
8.59 (dd,J = 8.5, 1.2 Hz, 1H), 8.44 (d, ] = 7.9 Hz, 1H), 8.06 (d, ] =
7.9 Hz, 1H), 7.87 (dd, J = 8.5, 7.3 Hz, 1H), 4.21-4.12 (m, 2H),
1.87-1.72 (m, 2H), 1.04 (t, J = 7.5 Hz, 3H). "*C NMR (DMSO-ds,
101 MHz): 6 162.8, 132.5, 131.4, 131.2, 130.9, 129.7, 129.0, 128.7,
128.2,122.7,121.9, 41.3, 20.7, 11.3. MS (FAB+) m/z: 318 [M + H'].
HRMS (FAB+): calculated for C;sH;3BrNO,: 318.0130; found:
318.0147.

General method for the synthesis of compounds 2a-d. In
a 50 mL round bottom flask with magnetic stirring the
compound 1 (300 mg, 0.63 mmol) was dissolved in DMF (10 mL)
and then was added the corresponding alkydiamine (30 molar
equiv.). The mixture was stirred and heated at 110 °C for 3 h.
Then, the mixture was cooled to RT and it was poured into
100 mL of cold water to form a solid. The solid was filtered and
dried at RT, then it was recrystallized in toluene and dried at RT.

6-((2-Aminoethyl)amino)-2-propyl-1H-benzo[deJisoquinoline-
1,3(2H)-dione (2a). Yellow solid, 194.3 mg, 71% yield. "H NMR
(DMSO-dg, 400 MHz): 6 8.62 (d, J = 8.5 Hz, 1H), 8.44 (d, J =
7.2 Hz, 1H), 8.27 (d, J = 8.5 Hz, 1H), 8.23 (s, 1H), 7.79 (t, J =
4.6 Hz, 1H), 7.70 (t,] = 7.7 Hz, 1H), 6.85 (d, ] = 8.6 Hz, 1H), 3.99
(t,] = 7.6 Hz, 2H), 3.46 (ddd, ] = 13.6, 7.8, 6.7 Hz, 4H), 1.63 (hxt,
J=7.4Hz, 2H), 0.91 (t,] = 7.4 Hz, 3H). *C NMR (DMSO-d,, 101
MHz): ¢ 163.4, 162.4, 150.9, 134.6, 131.1, 129.8, 128.8, 124.8,
122.4, 120.6, 108.5, 104.2, 43.0, 41.2, 36.5, 21.4, 11.9. MS (FAB+)
m/z: 298 [M + H']. HRMS (FAB+): calculated for Cy;H,oN;O0,:
298.1556; found: 298.1562.

6-((3-Aminopropyl)amino)-2-propyl-1H-benzo[de[isoquinoline-
1,3(2H)-dione (2b). Yellow solid, 246.2 mg, 86% yield. "H NMR
(DMSO-dg, 400 MHz): 6 8.69 (dd, J = 8.52, 0.84 Hz, 1H), 8.44 (dd,
J = 7.28, 0.84 Hz, 1H), 8.28 (d, J = 8.52 Hz, 1H), 7.73 (t, ] =
5.28 Hz, 1H), 7.69 (td, J = 8.32, 7.4 Hz, 1H), 6.80 (d, J = 8.6 Hz,
1H), 3.98 (t, ] = 7.36 Hz, 2H), 3.41 (q, ] = 6.64 Hz, 2H), 3.25 (q, ]
= 6.76 Hz, 2H), 1.87 (qnt, J = 6.96 Hz, 2H), 1.63 (m, 2H), 0.91 (t,]
= 7.44 Hz, 3H). *C NMR (DMSO-ds, 101 MHz): 6 163.4, 161.7,
151.0, 134.6, 131.1, 129.9, 128.9, 124.8, 122.4, 120.6, 108.2,
104.3, 41.2, 41.0, 35.6, 28.3, 21.4, 11.8. MS (FAB+) m/z: 312 [M +
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H']. HRMS (FAB+): calculado para C;gH,,N30,: 312.1712;
found: 312.1724.
6-((4-Aminobutyl)amino)-2-propyl-1H-benzo[defisoquinoline-
1,3(2H)-dione (2¢). Yellow solid, 122.2 mg, 41% yield. '"H NMR
(DMSO-ds, 400 MHz): 6 8.70 (dd, J = 8.6, 1.2 Hz, 1H), 8.44 (dd, J
= 7.4, 1.0 Hz, 1H), 8.27 (d,J = 8.5 Hz, 1H), 7.75 (t, ] = 5.4 Hz,
1H), 7.68 (dd, J = 8.5, 7.3 Hz, 1H), 6.79 (d, J = 8.6 Hz, 1H), 4.98
(m, 2H), 3.40 (q,J = 6.6 Hz, 2H), 3.16 (m, 2H), 1.78-1.51 (m, 6H),
0.91 (t,J = 7.5 Hz, 3H). "*C NMR (DMSO-ds, 101 MHz): 163.4,
161.5, 151.1, 134.7, 131.1, 129.9, 129.0, 124.7, 122.4, 120.6,
108.0,104.3, 42.9, 41.2, 37.3, 27.2, 25.7, 21.4, 11.8. MS (FAB+) m/
z: 326 [M + H']. HRMS (FAB+): calculated for C;oH,4N;0,:
326.1869; found: 326.1874.
6-((6-Aminohexyl)amino)-2-propyl-1H-benzo/defisoquinoline-
1,3(2H)-dione (2d). Yellow solid, 144.7 mg, 74% yield. "H NMR
(DMSO-dg, 400 MHz): ¢ 8.71 (d, ] = 8.4 Hz, 1H), 8.44 (d, J =
7.3 Hz, 1H), 8.27 (d,J = 8.5 Hz, 1H), 7.73 (d, /] = 6.0 Hz, 1H), 7.68
(t, /] = 7.9 Hz, 1H), 6.78 (d, J = 8.6 Hz, 1H), 3.98 (dd, J = 8.5,
6.3 Hz, 2H), 3.45 (q,J = 7.0 Hz, 2H), 3.38 (q,/ = 6.6 Hz, 2H), 1.70
(q,J = 7.1 Hz, 2H), 1.62 (qnt, J = 7.4 Hz, 2H), 1.40 (m, 6H), 0.91
(t,J = 7.4 Hz, 3H). "*C NMR (DMSO-d,, 101 MHz): 163.4, 161.5,
151.1, 134.7, 131.09, 129.9, 129.0, 124.7, 122.3, 120.6, 108.0,
104.3,42.9,41.2,37.3,27.2, 25.7, 25.4, 21.4, 11.8. MS (FAB+) m/z:
354 [M + H']. HRMS (FAB+): calculated for C,;H,sN;O,:
354.2182; found: 354.2202.
General method for the synthesis of compounds 3a-d. In
a 50 mL round bottom flask with magnetic stirring under inert
atmosphere isatoic anhydride (1 molar equiv.) was dissolved in
THF (20 mL) and TEA (300 pL) were added to the solution. Once
the reactives were dissolved, compound 2 (100 mg, 1 molar
equiv.) was added to the solution and the mixture was refluxed
for 2 h. Finally, the solvent was removed under reduced pres-
sure, the obtained solid was washed with petroleum ether (3 x
10 mL) and ethyl ether (3 x 10 mL).
2-Amino-N-(2-((1,3-dioxo-2-propyl-2, 3-dihydro-1H-benzo[de]
isoquinolin-6-yl)amino)ethyl)benzamide  (3a). Yellow solid,
111.5 mg, 77% yield. FTIR: 3459, 3349, 3062, 2956, 1677, 1615,
1631, 1578, 1537 cm™ . "H NMR (DMSO-dg, 400 MHz): 6 8.65 (d,
J = 8.6 Hz, 1H), 8.49 (t,J = 5.6 Hz, 1H), 8.45 (d, J = 7.2 Hz, 1H),
8.28 (d,J = 8.5 Hz, 1H), 7.94 (t,J = 8.5 Hz, 1H), 7.71 (t,] = 7.7 Hz,
1H), 7.48 (d, ] = 7.9 Hz, 1H), 7.14 (t,J = 7.9 Hz, 1H), 6.93 (d, ] =
8.6 Hz, 1H), 6.70 (d, J = 8.2 Hz, 1H), 6.51 (t,/ = 7.5 Hz, 1H), 6.45
(s, 2H), 3.98 (t,] = 7.3 Hz, 2H), 3.55 (s, 4H), 1.63 (m, 2H), 0.91 (t,
J = 7.4 Hz, 3H). *C NMR (DMSO-dg, 101 MHz): 6 170.0, 164.2,
163.4, 151.0, 150.2, 134.6, 132.3, 131.1, 129.83, 128.8, 128.6,
124.8, 122.3, 120.6, 116.9, 115.1, 114.9, 108.3, 104.2, 43.1, 41.2,
38.1, 21.4, 11.8. MS (FAB+) m/z: 417 [M + H']. HRMS (FAB+):
calculated for C,,H,5N,05: 417.1927; found: 417.1947.
2-amino-N-(3-((1,3-dioxo-2-propyl-2,3-dihydro-1H benzofde]
isoquinolin-6-yl)amino)propyl)benzamide (3b). Yellow solid,
120.8 mg, 80% yield. FTIR: 3444, 3339, 3059, 2965, 1670, 1610,
1630, 1579, 1520 cm™". '"H NMR (DMSO-dg, 400 MHz): 4 8.70
(dd,J = 8.6, 1.1 Hz, 1H), 8.44 (dd, J = 7.3, 1.04 Hz, 1H), 8.32 (t, ]
= 5.5 Hz, 1H) 8.26 (d, J = 8.6 Hz, 1H), 7.82 (t, ] = 5.5 Hz, 1H),
7.69 (dd, J = 8.4, 8.5 Hz, 1H), 7.48 (d, J = 8.0, 1.6 Hz, 1H), 7.13
(ddd,j = 8.4,7.1, 1.6 Hz, 1H), 6.81 (d, / = 8.7 Hz, 1H), 6.68 (dd, J
=8.2,1.2 Hz, 1H), 6.51 (dd,J = 8.0, 1.2 Hz, 1H), 6.38 (s, 2H), 3.97

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(t,J = 7.4 Hz, 2H), 3.36 (q,J = 8.8, 15 Hz, 2H), 1.95 (qnt, J = 6.7,
13.6 Hz, 2H), 1.62 (m, 2H), 0.90 (t, / = 7.5 Hz, 3H). >°C NMR
(DMSO-dg, 101 MHz): 6 170.1, 164.3, 163.4, 151.1, 150.2, 134.6,
132.4, 131.2, 129.9, 128.9, 128.6, 124.9, 122.4, 120.6, 116.8,
115.0, 114.8, 108.2, 104.1, 43.0, 41.2, 38.1, 28.3, 21.4, 11.8. MS
(FAB+) m/z: 431 [M + H']. HRMS (FAB+): calculated for
C,sH,,N,05: 431.2083. Found: 431.2103.

2-Amino-N-(4-((1,3-dioxo-2-propyl-2,3-dihydro-1H ~ benzo[de]
isoquinolin-6-ylJamino)butyl)benzamida (3c). Yellow solid,
140.9 mg, 80% yield. FTIR: 3444, 3339, 3059, 2965, 1670, 1610,
1630, 1579, 1520 cm ™~ *. *H NMR (DMSO-d,, 400 MHz): 6 8.66 (d,
J = 8.5 Hz, 1H), 8.38 (d, = 7.2 Hz, 1H), 8.21 (s, 1H) 8.18 (d, ] =
8.3 Hz, 1H), 7.87 (d,] = 7.9 Hz, 1H), 7.75 (t,] = 6.5, 1H), 7.40 (d, J
= 7.7 Hz, 1H), 7.20 (t, ] = 7.6 Hz, 1H), 6.76 (d, ] = 8.6 Hz, 1H),
6.63 (d,] = 8.3 Hz, 1H), 6.44 (t, ] = 7.4 Hz, 1H), 6.33 (s, 2H), 3.93
(t,J = 7.4 Hz, 2H), 3.4 (m, 2H), 3.28 (m, 2H), 1.64 (m, 6H), 0.90 (t,
J = 7.5 Hz, 3H). MS (FAB+) m/z: 445 [M + H+]. HRMS (FAB+):
calculated for C,cH,oN,O5: 445.2240. Found: 445.2297.

2-Amino-N-(6-((1,3-dioxo-2-propyl-2, 3-dihydro-1H-benzo[de]
isoquinolin-6-yl)amino)hexyl)benzamide  (3d). Yellow solid,
68.5 mg, 68% yield. FTIR: 3471, 3334, 3075, 2931, 1679, 1620,
1631, 1573, 1541 cm ™~ '. *"H NMR (DMSO-d,, 400 MHz): 6 8.71 (d,
J = 8.5 Hz, 1H), 8.43 (d,J = 7.3 Hz, 1H), 8.26 (d, J = 8.6 Hz, 1H)
8.20 (t, ] = 5.8 Hz, 1H), 7.79 (t, ] = 5.6 Hz, 1H), 7.68 (t, ] = 7.9,
1H), 7.44 (d, ] = 7.9 Hz, 1H), 7.11 (t,J = 7.7 Hz, 1H), 6.78 (d, ] =
8.6 Hz, 1H), 6.67 (d, J = 8.2 Hz, 1H), 6.49 (t,/ = 7.4 Hz, 1H), 6.37
(s, 2H), 3.98 (t,J = 7.6 Hz, 2H), 3.36 (m, 2H), 3.21 (q, ] = 6.7,
13.16 Hz, 2H), 1.71 (m, 2H), 1.63 (m, 2H), 1.53 (m, 2H), 0.91 (t, ]
= 7.4 Hz, 3H). >C NMR (DMSO-ds, 101 MHz): 6 169.3, 164.3,
163.4, 151.1, 149.9, 134.8, 131.9, 131.1, 129.9, 129.0, 128.4,
124.6, 122.2, 120.5, 116.7, 115.6, 115.1, 107.9, 104.2, 43.3, 41.2,
29.6, 28.3, 26.9, 26.8, 21.4, 11.8. MS (FAB+) m/z: 473 [M + H'].
HRMS (FAB+): calculated for C,gH33N,O3: 473.2553. Found:
473.2528.

Synthesis of 2-propyl-6-(propylamino)-1H-benzo[deliso-
quinoline-1,3(2H)-dione (pp-ANAPIM). In a 50 mL round
bottom flask with magnetic stirring compound 1 (300 mg, 0.63
mmol) was dissolved in DMF (10 mL) and propylamine was
added dropwise (0.09 mL, 0.63 mmol). Then the reaction
mixture was stirred at 110 °C for 3 h. After this time the solution
was allowed to reach RT and poured into 100 mL of cold
distilled water. Once a solid was observed, it was filtered and
dried. The crude product was recrystallized in toluene to obtain
a pure solid product. Yellow solid, 240 mg, 80% yield. 'H NMR
(DMSO-dg, 400 MHz): 6 8.76 (d, J = 8.3 Hz, 1H), 8.48 (d, J =
7.2 Hz, 1H), 8.31 (d, J = 8.6 Hz, 1H), 7.86 (s, 1H), 7.80-7.67 (m,
1H), 6.83 (d, ] = 8.6 Hz, 1H), 4.02 (t, ] = 7.5 Hz, 2H), 3.42-3.31
(m, 2H), 1.89-1.56 (m, 4H), 1.06 (d, J = 7.4 Hz, 3H), 1.02-0.90
(m, 3H).

Synthesis of 2-amino-N-propylbenzamide (p-2ABZ). In
a 50 mL round bottom flask with magnetic stirring isatoic
anhydride (200 mg, 1.23 mmol) was dissolved in tetrahydro-
furan (20 mL) under Ar atmosphere, the TEA (100 uL) was added
to the solution. Once all reactives were dissolved, propylamine
(1 molar equiv.) was added to the mixture and it was refluxed for
2 h. Finally, the solvent was removed under vacuum and the
obtained solid was washed with petroleum ether (3 x 10 mL)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and ethyl ether (3 x 10 mL). White solid, 110 mg, 50% yield. "H
NMR (DMSO-dg, 400 MHz): 6 7.30 (dd, J = 7.7, 1.5 Hz, 1H), 7.20
(ddd,j = 8.2,7.2,1.5 Hz, 1H), 6.67 (d, ] = 8.2 Hz, 1H), 6.64 (ddd,
J=17.9,7.2,1.2 Hz, 1H), 6.11 (s, 1H), 5.21 (brs, 2H), 3.37 (dt,J =
7.2, 5.8 Hz, 2H), 1.62 (sext, ] = 7.2 Hz, 2H), 0.98 (t, ] = 7.2 Hz,
3H).

Determination of quantum yields

Fluorescence quantum yields were measured using N-propyl 6-
aminonaphthalimide in acetonitrile as standard with a known
&y of 0.58. Solutions of dyads 3a-d and pp-ANAPIM were
prepared at 5 x 10~ °® M in spectroscopic grade acetonitrile.
Absorbance and fluorescence spectra were measured, and the
data required for eqn (1) were obtained from these spectra.

ISAR}'Z52

B, = G x R 1
) R X I Asng? ®

where &g is the sample quantum yield, @ is the reference
substance quantum yield; Is and Iy are the area under the
emission bands at a given wavelength range for the sample and
reference, respectively; As and Ay are the absorbance value at the
excitation wavelength (416 nm) for the sample and reference
substance, respectively; n is the refractive index of the solvent.

Metal ion interaction study by UV-vis titrations

The effect of metal ions upon the absorbance was examined by
adding 6 pL of a 1 x 107> M perchlorate salt solution to
a known volume (3 mL) of a 1 x 10> M dyad solution. The dyad
and perchlorate salt stock solutions were prepared in spectro-
scopic grade acetonitrile. A quartz cuvette was filled with 3 mL
of the dyad stock solution, then 6 pL aliquots of perchlorate salt
stock solution were added successively with a calibrated
micropipette. Thus, the ratio of the total concentration [salt]/
[dyad] was in the desired range. The resulting complex solu-
tions were stirred for 3 min, and the spectra were recorded. The
absorption spectrum was confirmed to be unchanged with time
at each measurement.

Metal ion interaction study by fluorometric titrations

The effect of metal ions upon the fluorescence emission was
examined by adding 6 pL of a 5 x 10~> M perchlorate salt
solution to a known volume (3 mL) of a 5 x 107> M dyad
solution. The dyad and perchlorate salt stock solutions were
prepared in spectroscopic grade acetonitrile. A quartz cuvette
was filled with 3 mL of dyad stock solution, then 6 pL aliquots of
perchlorate salt stock solution were added successively with
a calibrated micropipette. Thus, the ratio of the total concen-
tration [salt]/[dyad] was in the chosen range. The resulting
complex solutions were stirred for 3 min, and the spectra were
recorded. The emission spectrum was confirmed to be
unchanged with time at each measurement.

Computational methods

The calculations were carried out in two stages. First, a confor-
mational search on the potential energy surfaces (PES) was done

RSC Adv, 2022, 12, 6192-6204 | 6195
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for dyads 3a-d using the basin hopping method, as it is
implemented in the Tinker program.*® The Merck Molecular
force field (MMFF) was used in this step,?” which shows a good
performance in the conformational search for organic mole-
cules.”®* For the obtained structures, additional geometry
optimizations were performed using the B3LYP density func-
tional, including dispersion correction (D3BJ) and using the
def2-SVP basis set.**** The implicit solvent effect was included
through the polarizable continuum model using parameters
corresponding to acetonitrile.** To quantify the relative contri-
bution of each one of the conformers, the average of some
properties was obtained using the Boltzmann distribution,
considering the Gibbs free energies (from thermochemical
calculations at 298 K) to calculate the weight factors.*® The
Time-Dependent Density Functional Theory (TDDFT) was
employed to evaluate the electronic excited states.

In the second stage additional calculations were achieved in
order to rationalize the excitation energy transfer (EET).
Although formally the EET for dyads 3a-d is an intramolecular
process, the fragments 2ABZ and ANAPIM were analyzed indi-
vidually as an acceptor and donor chromophores. For each
relevant equilibrium geometry of the 3a-d compounds, a pair of
2ABZ and ANAPIM moieties were obtained by eliminating the
alkyl chain spacer and capping the free valence of each unit with
one hydrogen atom. The position of the included H atom was
determined by a constrained geometry optimization. Later, the
electronic coupling term (Vp,) that appears in the expression of
the EET rate was evaluated for the pairs 2ABZ-ANAPIM.?**%% All
the electronic structure calculations were performed using the
Gaussian 16 program,* except the minimum energy conical
intersections (MECI), which were obtained with the Q-Chem
program.*

Results and discussion

Synthesis and characterization

The synthesis of 2ABZ-ANAPIM dyads (3a-d) is depicted in
Scheme 1.

First, the N-propyl bromonaphthalimide 1 was prepared by
a condensation reaction of 4-bromo-1,8-naphthalic anhydride
with one molar equivalent of propylamine in refluxed ethanol
with a 80% yield. Then, compound 1 was reacted with an excess
of the corresponding alkyldiamine (a-d) in DMF obtaining the
2a-d intermediates in good yields (41 to 86%). Finally, the
amines 2a-d were reacted with one molar equivalent of isatoic
anhydride in dry THF obtaining 3a-d in 68 to 80% yield.

The intermediates 1, 2a-d and dyads 3a-d were character-
ized by 'H and *C NMR, FTIR and MS (Fig. S1 to S30%). The
FTIR spectrum of dyad 3a shows the characteristic stretching
vibrations for a primary and secondary amine, as well as amide
groups from 3459 to 3300 cm™'. The stretching vibrations of
carbonyls are observed at 1677, 1631 and 1615 cm ™ '. The
bending vibration of N-H groups is at 1527 cm ™~ '. The spectra of
3b-3d dyads show similar vibrations (see Table S17).

The "H NMR spectrum of 1 obtained in DMSO-d, (Fig. 2a)
shows the napththalimide AB system corresponding to H4 and
H5 at 8.27 and 8.06 ppm. The signals for H8 and H6 are present
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Scheme 1 Synthetic route for the synthesis of aminonapththalimide—
aminobenzamide dyads.

at 8.52 and 8.48 ppm, and H7 is observed at 7.95 ppm. The
aliphatic hydrogens H3 are located at 3.98 ppm, H2 at 1.64 ppm
and H1 at 0.92 ppm. The spectrum of 2a (Fig. 2b) shows the
napththalimide AB system corresponding to H4 and H5 shifted
to 8.24 and 6.85 ppm due to the protecting effect of the amino
group over H5. The signals for H8 and H6 are observed at 8.62
and 8.44 ppm, respectively, and the signal for H7 is observed at
7.70 ppm. In addition to the dramatic chemical shift of H5 and
H?7, it is also significant the presence of new signals at 7.75 ppm
and 3.47 ppm for the secondary amine and methylene hydro-
gens corresponding to the ethylenediamine chain, indicating
a successful substitution of the bromine (Fig. S41). The "H NMR
spectrum of 3a obtained in DMSO-d, (Fig. 2¢) shows the signals
for both ANAPIM and 2ABZ aromatic systems, amine, amide
and aliphatic hydrogens. The AB system appears at 8.28 ppm
and 6.93 ppm for H4 and H5, respectively. The signals for H8
and H7 are observed at 8.65 ppm and 7.71 ppm, while H6
appears at 8.45 ppm. The secondary amine hydrogen is
observed at 7.94 ppm, while the amide hydrogen appears at
8.49 ppm. The 2ABZ aromatic hydrogens signals were observed
at 7.48 ppm for H12, 6.21 ppm for H11, 7.14 ppm for H10 and
6.70 for H9. Also, it is present the signal for the amino-aromatic
hydrogens at 6.46 ppm.

The **C NMR spectrum obtained in DMSO-d, of 2a shows
two signals at 163.4 and 162.4 ppm corresponding to the imide
carbonyls (Fig. S51). The ten signals of the ANAPIM system are
observed from 151.0 to 104.0 ppm, the signals of the propyl
group are at 43.0, 21.4 and 11.9 ppm, and the ethylene signals
are at 41.2 and 36.6 ppm. The spectrum of 3a (Fig. S187) shows
three signals for carbonyls at 170.0 (amide), 164.2 and
163.4 ppm (imide). There are sixteen signals for both ANAPIM
and 2ABZ aromatic systems from 151.0 to 104.0 ppm. The
propyl signals are present at 43.1, 21.4 and 11.9 ppm and the
ethylene carbons are observed at 41.2 and 38.0 ppm. The
assignment of the NMR signals for dyads 3a-d are summarized
in Tables S1 and S2.7

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 'H NMR of 1 (A), 2a (B) and 3a (C).

Optical properties of ANAPIM-2ABZ dyads

In order to study the photophysical properties of dyads 3a-d,
the N-propyl 2-aminobenzamide (p-2ABZ) and 2-propyl-6-
propylaminonaphthalimide (pp-ANAPIM) compounds were
analyzed by UV-Vis and fluorescence spectroscopy. The UV-vis
spectra of these compounds and dyads 3a-d were analyzed in
acetonitrile. The p-2ABZ electronic absorption band shows
a maximum absorbance at 325 nm associated to a 7w-m* tran-
sition (¢ = 4370 L mol ' cm™ "), whilst the pp-ANAPIM band has
three relative maximum peaks at 270, 296 and 420 nm, the latter
also associated to a 7w—m* transition (e = 11 327 L mol ' em ™)
(Fig. 3A). Both chromophores behave an ICT process where the
non-bonding electrons localized in nitrogen atoms (donors) are
delocalized through the aromatic system to reach a carbonyl
group (acceptors). The absorbance band of 3a shows the char-
acteristic peaks of the 7w-7t* transition at 325 nm and 430 nm (e
= 20530 L mol " em™") corresponding to 2ABZ and ANAPIM
chromophores, respectively. Interestingly, the absorbance of
ANAPIM chromophore increases in 3a and a bathochromic shift
(10 nm) is observed. The rest of dyads 3 have similar electronic
absorption bands (Fig. S317) and their ¢ values decrease as the
spacer length increases (Table 1).

On the other hand, the fluorescence spectra of p-2ABZ have
maximum excitation and emission at wavelengths of 325 nm
and 391 nm, respectively. The pp-ANAPIM has a maximum
excitation wavelength at 430 nm and the emission is at 517 nm.
It is clearly observed that there is an overlap between the 2ABZ
emission band and the ANAPIM excitation band. Interestingly,
dyad 3a shows a low intensity emission peak at 370 nm and high
intensity emission peak at 519 nm when the molecule is excited
at 325 nm (p-2ABZ excitation wavelength) indicating an energy
transfer in the excited state from the 2ABZ to ANAPIM fluo-
rophore. The intensity of the emission band at 325 nm

© 2022 The Author(s). Published by the Royal Society of Chemistry

decreases as the alkyl spacer length increases in dyads 3a-
d (Fig. 3C), indicating a more efficient energy transfer. In
addition, the quantum yield (®g) of pp-ANAPIM is higher than
those for p-2ABZ and dyads 3a-d (Table 1), the lower @y of dyads
3a-d may be related to the efficiency in the energy transfer
process.

The energy transfer efficiency (Et) is related with the emis-
sion intensities of the donor-acceptor system (Fp,) and the
donor emission intensity (Fp) in the eqn (2). Table 1 shows high
Er values in dyads 3a-d (0.87 to 0.98) and there is a trend to
increase as the alkyl spacer increases.

(2)

The overlap integral was calculated from the emission
spectrum of p-ABZ (energy donor) and electronic absorption
spectrum of pp-ANAPIM (energy acceptor) applying the Simp-
son 1/3 method to obtain a function for each spectrum (Fig. 4).
Thus, a value of J = 1.31 x 10~ ** J cm® L mol ! was obtained
from eqn (3).

RN

T T o

JfT)(A)sA(A)A“dA 3)

The Forster radius (R,) is the distance between donor and
acceptor, at which 50% of the energy transfer occurs, and it was
calculated as 3.2 nm from eqn (4). The distance between both
fluorophores in dyads 3a-d was calculated using eqn (5). As can
be seen in Table 1, all the r values are in the 0.5R, = 1.6 < r <
1.5R, = 4.8 interval suggesting a favorable energy transfer
process, and that the closer the fluorophores are to each other,
the higher the energy transfer efficiency.
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Fig. 3 (A) Electronic absorption spectra of 3a—d obtained in aceto-
nitrile at 1 x 107> M. (B) Emission spectra of p-2ABZ, pp-ANAPIM and
3a obtained in acetonitrile at 5 x 107> M. (C) Emission spectra of dyads
3a-3d (excited at 325 nm) obtained in acetonitrile at 5 x 107> M.
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Interaction of ANAPIM-2ABZ dyads with metal ions

The supramolecular interaction of dyads 3a-d was studied
experimentally by UV-vis spectrophotometric titrations in
acetonitrile. In the experiments the concentration of dyads 3a-
d solutions was 1 x 107> M and titrations were achieved
keeping their concentration constant and varying the metal ion
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Table 1 Photophysical properties of dyads 3a—d, p-2ABZ and pp-
ANAPIM

Compound e (L mol " em™) Er r (nm) D
3a 20 530 0.87 2.3 0.61
3b 18 387 0.93 2.1 0.65
3c 14 943 0.61 2.9 0.46
3d 14 361 0.98 1.7 0.47
p-2ABZ 4370 0.19
pp-ANAPIM 11327 0.72
1 A
0.8 -
06 A
= p-2ABZ em
04 A
—— pp-ANAPIM abs
02 A
0 . . y
350 400 450 500

Wavelength (nm)

Fig. 4 Normalized emission spectrum of p-2ABZ (excited at 325 nm)
and absorption spectrum of pp-ANAPIM obtained in acetonitrile at 5 x
107° M.

concentration by addition of aliquots of 1 x 10~* M metal ion
solutions.

The UV-vis titrations were performed using monovalent and
divalent cations such as Li*, Na*, K*, Mg**, Ca**, Hg*, Cu™,
Cd*', Co®" and Pb*". Interestingly, only Hg>" and Cu** induced
significant changes in the absorption band of these dyads. The
titration of 3d with Hg>" (Fig. 5A) induced a hypochromic
change in the band at 325 nm with an isosbestic point at
290 nm, indicating the interaction of the metal ion with the
2ABZ, while Cu®" has a hyperchromic effect over the band from
250 to 390 nm probably due to the absorbance contribution of
the Cu®"-acetonitrile complex (Fig. S321). However, there is
a hypochromic change in the band at 430 nm with an isosbestic
point at 395 nm. These changes are attributed to the inhibition
of ICT processes by the coordination of Cu** with the amino
groups of 2ABZ and ANAPIM chromophores. Besides the
interaction with the cation induces a colorimetric change from
green to colorless. The rest of dyads (3a, 3b, 3c) have the same
behavior with Hg** and Cu®" (Fig. S33 to S357).

Based on the previous results, the titrations by fluorescence
were conducted only with Hg”" and Cu®" ions in acetonitrile.
Fig. 6 shows the spectra obtained from the titration with Cu®* (A
and B) and Hg”" (C and D) exciting at 315 nm and 435 nm,
respectively. As can be seen, there is a quenching of fluores-
cence by the coordination with these metal ions through the
2ABZ fluorophore inhibiting the ICT and hence the energy
transfer (FRET) to the ANAPIM fluorophore. Also, these results
suggest a coordination of the ions with the ANAPIM fragment
inducing a quenching of fluorescence when the molecule is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Absorption spectra obtained by titration of dyad 3d with Hg®*
(A) and Cu?* (B) in acetonitrile. [3d] = 1 x 107> M.

excited at 435 nm. The rest of dyads (3a, 3b, 3¢) have a similar
behavior (Fig. S36 to S387).

In order to corroborate the interaction of the ANAPIM moiety
with the metal ions, the fluorescent behavior of pp-ANAPIM
with Hg** and Cu** was analyzed (Fig. 6). The titration with Hg>*
shows a significant fluorescence quenching, while only a slight
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effect was observed with Cu®* (Fig. $397). This means that Cu**
complexes with dyads 3 require the interaction of both 2ABZ
and ANAPIM fragments to establish a cooperative coordination.
Noteworthy, the quenching of fluorescence was more intense in
dyad 3d, which has the longest alkyl chain between both fluo-
rophores, while dyads 3a-c have a similar quenching behavior
(Fig. S40 and Table S47).

The Stern-Volmer constants (Ksy) were determined for those
complexes with Cu®* and Hg>" (Table 2) using eqn (6), where F,
is the free dyad fluorescence intensity, F is the fluorescence
intensity in presence of the metal ion and [C] is the metal ion
concentration.

% — 1+ Ksy[C] (6)

All the Stern-Volmer graphs were linear on the 0 to 150 uM
interval of cation added, suggesting only one type of quenching
(Fig. S41 to S44%). Considering that titrations by UV-Vis show
the formation of a complex in the ground state, it is proposed
a static quenching in these complexes. The Kgy values corrob-
orate the finding trend observed in the experimental study,
showing more sensibility towards Hg>" than Cu*" in all days,
however, the Ksy(Hg”")/Ksy(Cu®*) ration indicates that the
sensibility towards Cu®" increases as the alkyl spacer are longer.
Finally, the higher Ky were obtained for the complexes with
dyad 3d.

Theoretical analysis of ANAPIM-2ABZ dyads photophysical
properties

To rationalize the experimental findings corresponding to the
photophysical behavior of dyads 3a-d, the starting point was to
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Fig. 6 Emission spectra obtained by titration of dyad 3d with Cu?* exciting at 315 nm (A) and at 435 nm (B) in acetonitrile. Emission spectra
obtained by titration of dyad 3d with Hg®" exciting at 315 nm (C) and at 435 nm (D) in acetonitrile. [3d] =5 x 107> M.
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Table 2 Stern—Volmer constants (Ksy) for complexes with dyads 3a—d
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M 3a 3b

3c 3d

Hg>", Aex: 315 nm
Cu®", Jex: 315 nm
Ksy(Hg")/Ksy(Cu™)

3.79 x 10° M (R* = 0.99)
3.30 x 10° M ' (R* = 0.95)
11.5 9.7

find the global minima of the PES for these compounds, as well
as all the thermally accessible structures at 298 K, in accordance
with the experimental conditions. Fig. 7 shows the structures
obtained for the global minima of 3a-d, where the stacking of
both fluorophores 2ABZ and ANAPIM is observed for all dyads.
Additionally, at 298 K only a few conformations show a relevant
contribution according to the calculated Boltzmann factors,
and in almost the cases, for these structures we observed the
stacking among the aromatic rings (Fig. S457).

The ESIt includes the simulated electronic absorption and
emission spectra for p-2ABZ and pp-ANAPIM (Fig. S467), as well
as the related dealkylated compounds (Fig. S471). In general,
there is a good match between the experimental and the
simulated spectra, although the theoretical values are slightly
shifted to lower wavelength. For example, for the S, — S;
electronic transition of p-2ABZ and pp-ANAPIM the maximum
of the bands are centered at 312 and 416 nm, against the
experimental values of 326 and 420 nm, respectively. Also, the
analysis of the TDDFT amplitudes reveals that for p-2ABZ and
PP-ANAPIM the S; state can be ascribed as 'mm* nature, and
also, the excited state of both molecules is well described by
a single HOMO-LUMO configurational change.

The simulated electronic absorption spectra for dyads 3a-
d are also similar to the experimental data (Fig. S487). In these
molecules the interaction between the chromophores causes
a splitting of the S; states of each individual fragment, giving
rise to four singlet electronic states for the dyad. From these,
two involve small oscillator forces and do not contribute

Fig. 7
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3.30 x 10° M~ ' (R*> = 0.99)
3.40 x 10° M (R* = 0.94)

313 x 10°M ' (R*> = 0.99)  5.51 x 10* M ' (R* = 0.95)
3.50 x 10° M ' (R* = 0.97)  1.55 x 10* M ' (R* = 0.98)
8.9 3.6

significantly to the absorption spectra. A comparison of
Fig. S46 and S487 suggests that the stacking interactions does
not affect considerably the electronic transitions of chromo-
phores 2ABZ and ANAPIM in dyads 3a-d because of the
maximum absorbance wavelengths are nearly the same to
those observed in p-2ABZ and pp-ANAPIM. In dyads 3a-d, the
HOMO and HOMO-1 are constituted by the bonding and
antibonding combination of the HOMOs of base chromo-
phores, whilst the LUMO is centered at the ANAPIM chromo-
phore and the LUMO+1 in 2ABZ (Fig. S491). The lowest energy
electronic transitions in 3a-d are described by significant
amplitudes which involve the configurational changes between
HOMO—-1/HOMO and LUMO+1/LUMO, so is possible classify
the electronic states as associated with the formation of an
exciplex (7w-complex).

The relative position of the electronic states, modulated by
the conformation, has important consequences in the photo-
physical behavior of dyads 3a-d. For example, Fig. 8 shows the
minimum energy path (MEP) for two different conformations of
dyad 3a. In both cases, the photophysical pathway begins from
an equilibrium geometry of S, and the transition takes place
towards the second bright electronic state. As can be seen, in
the stacked conformation the MEP starts in S,, and the reaction
profile proceeds from the Franck-Condon region towards the
minimum of S;. Only a small barrier of 0.013 eV needs to be
surpassed in order to access to an S;/S, MECI. Since the initial
absorption S, — S, occurs at 322 nm, while the S; — Sy and S;
— S, emissions from the respective minimums take place at

Side and front views for the molecular structures corresponding to the global minima of the PES for 3a (A), 3b (B), 3c (C) and 3d (D).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Energy of the first singlet electronic states along the minimum energy path in the exciting state of stacked (A) and folded (B) confor-
mations of 3a. The vertical dotted lines denote a vertical transition from/to So.

412 and 480 nm, conceptually this process may be interpreted
as an energy transfer from the 2ABZ towards the ANAPIM
system. Noteworthy, the PES crossings S,/Ss, S3/S, and S,/S; take
place along the MEP.

On the other hand, for the folded conformation the process
starts at S, — S3, and the MEP evolves to a minimum of S;.
From this region is necessary to overcome a barrier of 0.25 eV to
access to an S;/S, MECI. Also, the emission S; — S, from the
minimum of S; is about 375 nm. Since this value is pretty
similar to the maximum wavelength of the 2ABZ emission
spectrum, it may be considered that it the folded conformation
the energy is localized at the same chromophore. We also
calculate the MEP for the global minima of dyad 3d and the
same behavior as the stacked conformation of 3a was obtained
(Fig. S507). In other words, the stacked conformations favor the
internal conversion process and in consequence, the EET. As
the most stable conformations in dyads 3a-d involve stacked
arrangements, the MEP data allow to rationalizing mechanis-
tically the high energy transfer efficiencies observed
experimentally.

With the purpose of explain the observed trend in the fluo-
rescence quantum yields along the series of dyads 3a-d, the
electronic couplings for the acceptor-donor pairs were calcu-
lated and are presented in Table 3. Briefly, the EET rate is given
by kggr = TVpa>J/%,%® where J corresponds to the overlap integral
of the normalized emission and absorption spectra of the donor
and acceptor, respectively. The coupling is given by the addition
of all the coulombic contributions (Forster type), exchange-
correlation (Dexter type), the overlap part and a term associated
with the solvent, such that Vp, = VU + PXC 4 pover 4 yPeM,
Dyads 3a-d have the same J value, and hence, as higher is Vp,
higher is the energy transfer ratio. The R column in Table 3
denotes the distance between the geometric center of 2ABZ and
the central carbon of ANAPIM system. In general, the values of
Vpa are high in all dyads and agree with the high energy transfer
ratios as result of the closeness of chromophores in the stacked
conformations. Also, the coulombic term makes the biggest
contribution to the coupling. Although these values are
consistent, they do not allow to explain the trend along the
series, since according to experimental data a bigger magnitude
of Vp, for 3d would be expected, whilst is the smaller for 3c.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Theoretical study of supramolecular complexes of dyads 3a-
d with metal ions

The formation of supramolecular complexes of dyads 3a-d and
metal ions induces significant changes in their structural and
photophysical properties. In order to find the mechanisms
responsible for these changes the complexes with Cu®>" and
Hg>" were theoretically studied. As can be seen in Fig. 9 and 10,
an imide carbonyl of ANAPIM and the amino and amide
carbonyl of 2ABZ interact with the metal ion (also see Fig. S51
and S527) disrupting the stacking of the aromatic fragments
observed in the free ligands. Although it was possible to find
structures in which one of the NHR2 from the polymethylene
bridge is bonded to the metal, the associated electronic energies
(and also the free energies) are significantly higher with regard
to the energy of the global minimum, so they are not relevant for
the present analysis. Table 3 shows that the R values for the
donor-acceptor fragments are higher in these metallic
complexes. The simulated electronic absorption spectra for the
complexes with Cu** and Hg”" also agree with the experimental
data, particularly, present absorbance band at positions similar
to those for p-2ABZ and pp-ANAPIM.

Table 3 Electronic coupling for the energy transfer between the
donor and acceptor chromophores in dyads 3a—d. The first-row data
corresponds to free dyads and the second and third to the complexes
formed with Cu®* and Hg?", respectively. The R value denotes the
distance between the geometric center of 2ABZ and the central
carbon of ANAPIM

Dya d R Vcoul VXC yover VPCM Vioa

3a 3.3847 0.0666 —0.0006 0.0000 —0.0154 0.0503
4.8670 0.0217 0.0001 0.0000 —0.0065 0.0154
5.1732 0.0264 0.0000 0.0000 —0.0081 0.0184

3b 3.2382 0.0532 —0.0001 0.0000 —0.0133 0.0398
7.1545 0.0158 0.0000 0.0000 —0.0055 0.0102
7.3772 0.0182 0.0000 0.0000 —0.0062 0.0119

3c 3.1503 0.0585 —0.0003 0.0000 —0.0146 0.0433
7.1578 0.0076 0.0000 0.0000 —0.0027 0.0048
7.2732 0.0100 0.0000 0.0000 —0.0034 0.0066

3d 3.7338 0.0512 —0.0004 0.0000 —0.0126 0.0369
7.4223 0.0054 0.0000 0.0000 —0.0020 0.0034
7.8098 0.0074 0.0000 0.0000 —0.0026 0.0047
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Fig. 9 Lateral view of molecular structures corresponding to the global minimum for the complexes with Cu?* and dyads 3a (A), 3b (B), 3¢ (C)

and 3d (D). The ground state spin multiplicity corresponds to S = 1.

However, for the supramolecular complexes the description
of the electronic states is even more elaborated. Fig. S531 shows
the frontier molecular orbitals (MO) for 3b-Hg** complex, this
system presents a singlet spin multiplicity for the ground state.
Comparing the MO of the complex and free ligand as well the
amplitude information, it is possible to assign the nature of the
electronic states for the complex. The configurational changes
HOMO/LUMO and HOMO—1/LUMO+2 of 3b-Hg>" are similar to
the HOMO/LUMO of p-2ABZ and pp-ANAPIM. In fact, the S;
electronic state of 3b-Hg”" is well described by the configura-
tional change HOMO/LUMO and the transition S, — S; is
localized in the ANAPIM fragment. This is also corroborated by
analysis of the natural transition orbitals. Importantly, the
electronic states of the complex described by the change
HOMO-1/LUMO+1 and HOMO-1/LUMO+2 that would be
involved in the excitation process localized in the 2ABZ system
appear shifted to higher energy (jS;3 and S;5!), so the respec-
tively electronic transition from the ground state takes place
approximately at 274 nm. This result agrees with the spectro-
scopic changes observed in the electronic absorption spectra of
3b-Hg>" complex, where there is a hypochromic effect at 320 nm
and hyperchromic change before 270 nm.

For 3b-Cu®*, the ground state spin multiplicity corresponds
to a doublet. Unlike the complex with Hg”" which has a filled
d layer and where the d occupied orbitals are localized in the
metal center, in 3d-Cu®’ exists a significant mixing of the
molecular orbitals of the ANAPIM system and d-orbitals of the
metal ion (Fig. S541). In fact, the electronic state described by

GV (B)

the configurational change HOMO,/LUMO,,, which would be
associated to the transition localized in ANAPIM system corre-
sponds to S;4. The analysis of the natural transition orbital
reveals that the transitions toward lower energy states, which
extend to the infrared zone, correspond to the metal-ligand
excitations (Fig. S557). Also, the electronic state where the
excitation is localized in 2ABZ system is shifted to higher energy
with regard to the free ligand. In general, the interaction of
dyads 3a-d with metal ions considerably changes the electronic
structure of these molecules and the mechanism of fluores-
cence quenching is different to the observed in the ligands. Due
to the closeness of the electronic energies and the huge density
of states in the supramolecular complexes, it is possible to
consider the intersystem crossover towards S;(D,) may be
favored according to the Kasha rule.** The above was corrobo-
rated with geometry optimizations for 3b-Hg”" and 3b-Cu>*
complexes. For example, in the searching of the minimum for
S, state (absorption at 324 nm) for 3b-Hg”", the energy of the
excited state decreases considerably, after seven or eight itera-
tions changes to be S;. Interestingly, along this process the
complexation with Hg>" is disrupted releasing the metal ion and
providing an unfolded dyad.

In summary, the data obtained by theoretical calculations
suggest that in the complexes with Cu®>" and Hg>" the excitation
at 325 nm leads to an excited state different to the observed in
free dyads. Very interestingly, the intensity decreases of the
emission band at 530 nm by increasing the amount of metal ion
in the solution, may be due to internal conversion toward

©

(D)

Fig. 10 Lateral view of molecular structures corresponding to the global minimum for the complexes with Hg?* and dyads 3a (A), 3b (B), 3c (C)

and 3d (D). The ground state spin multiplicity corresponds to S = 0.
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inferior electronic states; in other words, the calculations
suggest that both metal complexes should emit fluorescence in
the near infrared.

Conclusions

The experimental and theoretical studies demonstrated a very
efficient FRET process present in 2ABZ-ANAPIM fluorescent
dyads. This is due to an overlap of the 2ABZ emission energy
with the ANAPIM absorption energy, also the flexible intercon-
nection between both fluorophores allows the stacking config-
uration, even with the shortest spacer, although with the
longest the stacking is more favored. In mechanistic terms, the
high FRET ratios showed by the dyads are consistent with the
calculated barrierless MEP's, that lead directly from the state
initially populated by light absorption toward the minimum of
the first excited state, all through accessible crossings between
the different potential energy surfaces. Additionally, the calcu-
lation of the EET couplings between the donor and acceptor
chromophores are consistent with these results. The fluores-
cence quenching in the presence of Cu®>" and Hg>" indicates the
interaction with these metal ions inhibiting the FRET process
between both fluorophores and their individual ICT processes,
suggesting a cooperative interaction of both fluorophores. The
optimization of the complexes geometry showed the interaction
through the amine and carbonyl groups in 2ABZ and a carbonyl
of ANAPIM, keeping the fluorophores away and changing their
configuration and optical properties.
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