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ARTICLE INFO ABSTRACT

Keywords: Squaraines are 1,3-disubstituted squaric acid derivatives featuring intense fluorescence in the visible. Unlike

Squaraine dyes their parent compounds, N-squaraines obtained by condensation reaction between squaric acid and primary

FDllamon anilines are non-fluorescent compounds. The incorporation of electron-withdrawing substituents in the para
juorescence

position of the phenyl rings turns these compounds acidic enough to form the corresponding dianions by acid-
base reaction with alkaline hydroxide in mixed DMSO-H;0 solvent mixtures. This work reports the
microwave-assisted synthesis of N-squaraines and the investigation of the optical characteristics of their dia-
nions. The dianionic squaraines have a C4N203~ squaryl core with absorption maxima at 450-748 nm (molar
absorptions up to 7.6 x 10* M~! em™1). The N-squaraine dianions are highly fluorescent in the 507-644 nm
range (quantum yields 0.18-0.72). Due to their negative charge, and contrary to the expectations, anionic N-
squaraines are chemically stable for hours in 50% v/v HoO-DMSO solvent mixtures. DFT calculations show the
absorption bands are Sy — S; excitations (HOMO — LUMO) and S; — Sy transitions (LUMO — HOMO) for the

DFT calculations

emission. In both cases, the calculated wavelengths compare well with the experimental observations.

1. Introduction

Squaraines (SQs) are 1,3-disubstituted squaric acid derivatives
featuring two electron-rich substituents flanking a squaryl (C403) defi-
cient core (Chart 1). Since early applications in photoelectronic devices
[1], many material science and biomedicine applications have entered
the stage [2] Nowadays, SQs are critical components in multiple pho-
toactive materials, including solar cells [3-5], active fluorescent re-
porters for ions [6], biological labelings [7,8] and bioimaging [9-11].

Based on their structural characteristics, there are two main types of
SQs, namely arene- and arylidene-SQs. Both types are rigid planar
compounds exhibiting intense and sharp absorption bands (& ~ 3 x 10°
M’lcm’l), high fluorescent intensities in the visible [12-14], and
excellent photostability compared to other cyanine-type compounds.
Aniline-based squaraines are a subgroup of SQ compounds formed via
regioselective condensation of electron-rich N,N-disubstituted anilines
with squaric acid (Chart 1A). The reaction occurs through the para
Carposition of the phenyl ring and encompasses most arylamine
squaraines already reported.

However, the condensation of squaric acid with primary and sec-
ondary alkyl- or aryl amines, including anilines [15,16], takes a different
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route. In this case, the reaction occurs through the nitrogen atom leading
to symmetrically substituted squaraine compounds featuring the two
nitrogen atoms directly bonded to the squaryl moiety. Hereafter, we
named these compounds N-squaraines (NSQ) for distinction (Chart 1B).

Despite their almost parallel historical and common chemical origin,
only a few studies investigate the properties of NSQs compared to the
broad spectra of applications already reported for canonical SQs.
Notable exceptions are the work by Kabatc et al. on NSQs as photo-
initiators for photopolymerization reactions [17,18]. Also, a report by
Wang et al. describes an NSQ-based colorimetric chemosensor for car-
bon dioxide. In this work, the sensing strategy is based on removing the
two N-H protons of a nitro-derived NSQ, thus recognizing the critical
role of the acid-base equilibria that characterize NSQ compounds [19].

One of the reasons for the lack of work on NSQs is their expected
chemical degradation in front of nucleophiles due to the presence of the
iminium group directly bonded to the electron-deficient squaryl ring.
Hydrolytic degradation [20], and nucleophilic bleaching by thiols [21],
cyanide anion [22] and phosphorus (III) derivatives [23] are known
issues hampering the use of aniline-derived SQs. Nevertheless, the
development of protected arene-squaraine has proven helpful for over-
coming these limitations in biological labeling [24]. The low intrinsic
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Scheme 1. Microwave-Assisted Synthesis of Symmetrical N-squaraines 1-9.

fluorescence intensity of NSQs (@ < 0.025) compared to SQs is a second
negative aspect that reduces their potential applications [25,26]. How-
ever, and in this line, we recently reported a bis-cyano N-squaraine 8 (X
= CN) that produced a highly fluorescent silver dianionic complex by
the combined action of Ag(I) and acetate as the base [27].

Apart from the Lewis acid character of Ag(I) and its role in promoting
the deprotonation of the N-squaraines, we became interested in the high
fluorescence response of the bis-cyano N-squaraine dianion. This
observation is especially relevant considering the low or null fluores-
cence intensities observed for this squaraine in its protonated forms. In
standard anilino squaraines (SQ-type), the electron-donating sub-
stituents of the aryl rings decrease the HOMO-LUMO gap and increase
the D-A-D character of the long-wavelength absorbing band responsible
for their fluorescent response [13,28]. However, NSQs present sub-
stantial structural differences compared to SQs. Upon deprotonation, the
original n-system of NSQs evolves to two linear conjugated systems that
can be represented by a set of degenerated resonance structures or, more
simply, by the ideal form with partial bonds represented in Chart 2. This
structure is more likely viewed as an A-n-A-n-A system, distinct from the
classical D-n-A-n-D pattern found in related electron-donating SQs. We
envisaged that this rather unusual conjugated n-system could account
for the fluorescent response of NSQs. To support our hypothesis, a very
recent report by Shandura et al. describes a set of highly fluorescent
dianionic dioxaborines, structurally different from NSQs, but featuring
an A-1-A-m-A conjugated system related to that studied here [29].

In this work, we report the synthesis and characterization of dia-
nionic N-squaraines 1-9 (Chart 2) composed of a central squaraine core
and two aniline aryl rings decorated with electron-withdrawing groups
(EWG) in para position. Using a combined experimental and theoretical
approach, we demonstrate that these NSQs form intrinsically fluoro-
genic dianions in alkaline DMSO either alone or in mixtures with water.

0
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2. Experimental
2.1. Material synthesis and characterization

All chemicals were obtained from commercial sources and used
without further purification unless otherwise indicated. All reactions
were performed in a single-mode Biotage Initiator microwave reactor
according to the parameters described below. Proton nuclear magnetic
resonance (lH NMR) spectra and carbon nuclear resonance (13C NMR)
were recorded at room temperature on a Bruker Avance and Bruker
Avance III spectrometers operating at 300 and 600 MHz for 'H and 75.4
and 150.9 MHz for 13-carbon, respectively. The residual proton signal in
the NMR solvent was used as a reference (DMSO-dg: § 2.50 ppm).
Chemical shifts () are reported in ppm and coupling constants (J) in Hz.
Multiplicities for proton signals are abbreviated as s, t, m, and br for
singlet, triplet, multiplet, and broad signal, respectively. 3C-CP-MAS
NMR spectra, including spinning sidebands, were obtained on a Bruker
SB-MAS probe head with 4 mm ZrO MAS rotors, spinning rate 10 kHz,
and externally referenced to adamantane at 38.5 ppm. High-resolution
mass spectra (HRMS) were recorded on a Thermo Scientific Orbitrap
Q-Exactive mass spectrometer equipped with a heated electrospray
module (HESI-HRMS) or on a Bruker Autoflex III MALDI-TOF, using a
CHCA or DCTB matrix, and PEG300 or PEG400 for calibration. FT-IR
spectra were obtained on Bruker FT-IR Tensor 27 on KBr pellets. Spec-
tral features are tabulated as follows: wavenumber (crn’l); intensity:
strong (s), medium (m), and weak (w).

2.1.1. General synthetic procedure for preparation of N-squaraines

A mixture of squaric acid (58 mg, 0.5 mmol) and a slight excess of the
corresponding 4-substituted aniline (1.2 mmol) suspended in water (1.5
mL) was heated at 120 °C with stirring under microwave irradiation (25
w) for 1h (Scheme 1). Then the solid N-squaraine was filtered under
vacuum and washed sequentially with 1 N HCI (3 x 10 mL), 10% (v/v)
DMSO-ethyl acetate (5 x 10 mL), and ethyl acetate (3 x 10 mL) unless
otherwise stated. The remaining solid was air-dried and then oven-dried
at 105 °C for 3h.

2.1.2. Synthesis of N-squaraine 1 (R = H) [16,30,31]

The title compound was obtained as a yellow solid; yield 43 mg
(33%); mp > 300 °C. 'H NMR (DMSO-de) 6y 11.42 (s, 2H, -NH-), 7.79
(br, 4H, -Ar), 7.38 (br, 4H, -Ar), 7.13 (br, 2H, -Ar) ppm. ‘3C CP-MAS
NMR: §¢ 173.7 (C=0), 169.2 (C-N), 138.1 (-Ar), 130.2 (-Ar), 124.1
(-Ar), 122.3 (-Ar) ppm. IR (KBr; cm™1): 3179, 3128, 3088, 2993, 2967,
2937 (=C-H); 1590 (C-0), 1552 (N-H); 1450, 1426 (C-C); 1338, 1245
(C-N); 825,794,750, 688 (C-H).

2.1.3. Synthesis of N-squaraine 2 (R = Napth) [16]

This compound was obtained through a modification of the general
procedure. A mixture of squaric acid (58 mg, 0.5 mmol) and 1-naphthyl-
amine (172 mg, 1.2 mmol) suspended in water (2 mL) was heated with
stirring in a closed vial at 150 °C for 12 h in a sand bath. The resulting
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H
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+ 2H*

Scheme 2. Acid-base equilibria operating in NSQ 8.
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Fig. 1. (A) Absorption spectra of NSQ 8 (1.0 x 10-° M) dissolved in different
DMSO-H50 (0.1 M NaOH) mixtures: (1:99), (5:95), (10:90), (20:80), (30:70),
(40:60), and (50:50) v/v, respectively. (B) Fluorescence image recorded with a
365 nm handheld lamp of NSQ 8 (2.0 x 10~° M) dissolved in different DMSO-
H,0 (1.0 M NaOH) mixtures, the percentage of water in volume is indicated

within the image. The dianion in 100% DMSO was generated using tetrame-
thylammonium hydroxide (0.025 M) as the base.

solid was filtrated in vacuum, washed with methylene chloride until the
extracts went clear, then with hot ethyl acetate (5 x 10 mL) and ethanol
(5 x 10 mL). The remaining solid was dried as usual. The title compound
was obtained as a brown solid; yield 164 mg (92%); mp > 300 °C. 'H
NMR (300 MHz, DMSO-dg): 6y 11.66 (s, 2H, -NH-), 8.17 (d, J = 7.2 Hz,
2H, -Ar), 7.98 (d, J = 7.5 Hz, 2H, -Ar), 7.84 (t, J = 4.2 Hz, 2H, -Ar),
7.6-7.54 (br, 8H, -Ar) ppm. °C CP-MAS NMR ¢ 175.9 (C-0), 170.4
(C-N), 132.5 (Ar), 125.8 (Ar), 121.1 (Ar) ppm. IR (KBr; cm’l): 3154,
3122, 3071, 2995, 2957 (=C-H); 1598 (C-0); 1552, 1506 (N-H); 1395,
1368 (C-C); 1272, 1254 (C-N); 795, 767 (C-H). ESI(—)-HRMS m/z (%)
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calced for Ca4H15N2Oo: [M — H] 363.11280; found 363.11342.

2.1.4. Synthesis of N-squaraine 3 (R = CO2H) [32]

After microwave heating and filtration, the title compound was
washed with water. Then, the resulting solid was removed and digested
three times with 5% solution of NaHCO3 (50 mL) for 2 h. The solid was
isolated by centrifugation (4000 rpm, 10 min), washed with 1 N HCI (3
x 20 mL) and water (3 x 20 mL), and dried to afford the title compound
as a yellow solid, yielding 135 mg (78%); mp > 300 °C. 'H NMR (300
MHz, DMSO-dg): 6y 12.85 (s, 2H, -COOH), 11.83 (s, 2H,-NH-), 7.91 (m,
8H, -Ar) ppm. '3C CP-MAS NMR &¢ 174.1 (C-0), 171.1 (COOH), 169.3
(C-N), 140.2 (-Ar), 131.8 (-Ar), 127.2 (-Ar), 119.7 (-Ar), 118.0 (-Ar)
ppm. IR (KBr; cm’l): 3073, 2990 (=C-H); 1687 (C=0); 1604 (C-0O);
1556, 1517 (N-H); 1419 (C-C); 1282 (C-0); 1248,1195 (C-N); 856,
840, 804, 771 (C-H). ESI(—)-HRMS m/z (%) calcd for C;gH11N50¢: [M
— HJ] 351.06226; found 351.06237.

2.1.5. Synthesis of N-squaraine 4 (R = CONH2)

After microwave heating and filtration, the solid was taken in 5%
HCI (10 mL), filtered again and washed with 5% HCI (3 x 10 mL), 30%
(v/v) of DMSO — EtOAc (3 x 10 mL), EtOAc (3 x 10 mL) and dried. The
title compound was a yellow solid, yield 160 mg (91%); mp > 300 °C. 'H
NMR (300 MHz, DMSO-dg): 6y 11.73 (s, 2H, -NH-), 7.88 (bs, 10H, -Ar),
7.35 (s, 2H, -Ar) ppm. 3C CP-MAS NMR §¢ 173.9 (C-0), 169.7 (C-N),
139.2 (-Ar), 130.3 (-Ar), 127.5 (-Ar), 118.3 (-Ar) ppm. IR (KBr; cm’l):
3406, 3187 (N-H); 3070, 2989 (C-H); 1662 (C=0); 1605 (C-0); 1553
(N-H); 1414 (C-C); 1255, 1205 (C-N); 849, 835, 802, 772 (C-H).
MALDI-TOF-HRMS m/z (%) caled for C;gH;5N404: [M+H]T 351.1090;
found 351.1088.

2.1.6. Synthesis of N-squaraine 5 (R = COCH3)

The title compound was obtained as a yellow solid, yielding 168 mg
(96%) from 4-aminoacetophenone, and 145 mg (90%) from 4-ethynyla-
niline. With 4-ethynylaniline a complete Markovnikov-type alkyne hy-
dration promoted by the squaric acid takes place in the aqueous medium

Table 1

pK, values'” in 50:50 v/v DMSO-water, I = 0.1 M (KC), at 298.1 + 0.1 K
NSQ X op PKa1 PKa2
3 CO.H 0.40 13.3(2) 15.3(2)
5 COCH;3 0.45 12.7(2) 13.0(5)
8 CN 0.66 12.1(6) 13.5(5)
9 NO, 0.78 10.3(5) 12.5(4)

2 Measured in in 50:50 v/v DMSO-water, I = 0.1 M (KCl), at 298.1 £+ 0.1 K.
Values in parenthesis are standard deviations in the last significant figures.

03- (A) 482 nm |
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Fig. 2. (A) Consecutive absorption spectra of a (50:50 v/v) DMSO-H,0 solution of 8 (1.0 x 1075 M, PHinit &~ 10) in the range 260-600 nm. The arrows indicate the
change in absorbance upon titration with a base (OH™) (B) pH dependence of the band intensity at 482 nm.
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Table 2
Spectroscopic characteristics of NSQs 1-9 in (99:1 v/v DMSO-H,0, 0.1 N NaOH).

NSQ X Aabi ex 1074 Jexe Jem @ AP AP

(nm) M lem™) (nm) (nm) (nm) (em™)
1 H 459 7.1(1) 459 510 0.0(4) 51 2179
2 Napth. 539 4.3(6) 539 609 e 70 2133
3 COO™ 487 4.009) 487 526 0.3(4) 39 1522
4 CONH, 527 7.7(4) 526 574 0.3(6) 47 1554
5 COCHj3 593 7.1(9) 595 644 e 51 1335
6 COLEt 554 7.6(9) 553 599 0.2(2) 45 1356
7 SO,NH, 480 6.5(2) 478 507 0.2(6) 27 1109
8 CN 545 8.6(6) 545 587 0.7(2) 42 1313
9 NO, 748 4.8(1) _a i - - -
12l Wavelength maxima assuming the complete conversion to the dianionic form.
1 Stokes shift.
I} Not determined due to chemical degradation.
4] Non-fluorescent.

o
H#
H,NOC u N CONH,
OO t <% IR

Normalized Intensity (a.u.)
Normalized Intensity (a.u.)

1.0
3 308
< =
g §o06
8 €
£
H %04
S s
i E
5 302
- 4
0.0
400 500 600 700 800 300 400 500 600 700 800
A (nm) A (nm)

Normalized Intensity (a.u.)
Normalized Intensity (a.u.)

3 3

s s 1
z >

E £

°

- i ]
s s

g g

o =3

Z z 1

00f ~77>=7
300 400 500 600 700 300 400 500 600 700 800
A (nm) A (nm)

Fig. 3. Normalized UV-vis absorption (red), emission (green), and excitation spectra (discontinued line, not recorded for 1 and 2) of NSQs 1-8 dianions in 99:1 v/v

DMSO-H,0, 0.1 N NaOH.

[33]. mp > 300 °C. H NMR (600 MHz, DMSO-de): 6y 11.90 (s, 2H,
-NH-), 8.02 (d, J = 8.4 Hz, 4H, -Ar), 7.94 (br, 4H, -Ar), 2.56 (s, 6H, CH3)
ppm. 13C CP-MAS NMR é¢ 197.3 (C=0), 173.8 (C-0), 169.2 (C-N),
139.9 (-Ar), 134.4 (-Ar), 132.7 (-Ar), 130.3 (-Ar), 128.8 (-Ar), 120.4
(-Ar), 119.1 (-Ar), 25.4 (CH3) ppm. IR (KBr; cm_l):3172, 3118, 3061,
2962 (=C-H); 1678 (C=0), 1598 (C-0); 1548 (N-H); 1415 (C-C); 1271
(C-N); 1192 (C-C); 835, 763, 694 (C-H). ESI(—)-HRMS m/z (%) calcd
for CooH15N204: [M — H]™ 347.10373; found 347.10399.

2.1.7. Synthesis of N-squaraine 6 (R = CO2Et) [34]

The title compound was a yellow solid, yield 173 mg (85%) mp >
300 °C. 'THNMR (600 MHz, DMSO-dg): 6y 11.90 (s, 2H, -NH-), 7.95 (br,
8H, -Ar), 7.94 (br, 4H, -Ar), 4.30 (q, J = 7.2 Hz, 4H, -CH3-), 1.32 (t, J =
7.2 Hz, 6H, -CHs) ppm. 13C CP-MAS NMR 6¢ 174.5 (C-0), 169.5 (C=0),
163.7 (C-N), 140.0 (-Ar), 131.8 (-Ar), 130.9 (-Ar), 127.7 (-Ar), 120.0
(-Ar), 60.3 (-CH3-), 15.0 (-CH3) ppm. IR (KBr; cm’l): 3239, 3179, 3123,
3068, 2980 (=C-H); 1715 (C=0); 1585 (C-0); 1553 (N-H); 1420 (C-C);
1278 (C-N); 1188, 1109 (C-C(0)-C); 855, 768 (C-H). MALDI-TOF-
HRMS m/z (%) caled for CooHo1N2Og: [M-+H]T 409.1375; found
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800 T T T Fig. 4. (A) Superposition of NSQ 8 (2.0 x 1077 M;
( A) Aexc. = 545 nm) fluorescence emission spectra in 99:1
v/v DMSO-H,O (0.1 N NaOH) recorded at 15 min
600 | time intervals from t = O (turquoise line) to t = 120
min (broad grey line). (B) Superposition of NSQ 9
(1.0 x 107° M) UV-vis spectra recorded as described
I 400 } in (A). (C) Superposition of NSQ 2 (1.0 x 107> M)
A UV-vis spectra recorded in 99:1 v/v DMSO-H,0 (0.1
N NaOH) at 15 min time intervals from t = 0 (tur-
quoise line). (D) Comparative degradation of NSQs
200 .
1-9 over time.
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Scheme 3. Proposed chemical degradation route of N-squaraine 2 in alkaline media.
409.1394. 2.1.9. Synthesis of N-squaraine 8 (R = CN)

2.1.8. Synthesis of N-squaraine 7 (R = SO2NH2)

After microwave heating and filtration, the solid was taken in water
and refluxed for 5 min, and filtered. This treatment was repeated three
times. The title compound was a yellow solid, yield 190 mg (90%); mp
> 300 °C. 'H NMR (300 MHz, DMSO-de): 61 11.89 (s, 2H, -NH-), 7.91
(d, J = 8.4 Hz, 4H, -Ar), 7.81 (d, J = 8.7 Hz, 4H, -Ar), 7.35 (s, 4H,
SO,NH,) ppm. '3C CP-MAS NMR &¢ 174.4 (C-0), 168.9 (C-N), 140.4
(-Ar), 139.6 (-Ar), 132.3 (-Ar), 130.1 (-Ar), 128.2 (-Ar), 118.8 (-Ar) ppm.
IR (KBr; em™Y): 3347, 3261 (N-H); 3121, 3064, 2975 (=C-H); 1588
(C-0); 1548 (N-H); 1424, 1413 (C-C); 1341 (S=O0); 1249 (C-N); 1162
(S=0); 850, 726 (C-H). ESI(—)-HRMS m/z (%) caled for
C16H13N40652(S%?) [M — H]" 421.02820; found 421.02791.

Was obtained as described in the general procedure, and it has
recently been described by us [27].

2.1.10. Synthesis of N-squaraine 9 (R = NO2) [31]

The title compound was a yellow-orange solid, yield 159 mg (90%);
mp > 300 °C. 'H NMR (300 MHz, DMSO-dg): 6y 12.25 (s, 2H, -NH-),
8.29 (d, J = 8.7 Hz, 4H, -Ar), 8.03 (br, 4H, -Ar) ppm. 13C CP-MAS NMR
6c 174.0 (C-0), 168.6 (C-N), 147.0 (-Ar), 142.1 (-Ar), 126.4 (-Ar),
120.81 (-Ar) ppm. IR (KBr; cm™1): 3198, 3155, 3075, 2990 (=C-H);
1586 (NO3); 1559 (C-0); 1512 (N-H); 1405 (C-C); 1339, 1311 (NOy);
1251 (C-N); 861, 847 (C-H). MALDI-TOF-HRMS m/z (%) calcd for
C16H11N4O0g: [M+H]" 355.06786; found 355.06683.
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Table 3
TDDFT calculations at the B3LYP/def2-TZVP level and experimentally obtained
absorption maximum.

Comp. X excitation  Aec " Main orbital f Aabs ™
(nm) transition (nm)

1 H So— S 420 HOMO—-LUMO 1.66 459
(99.9%)

2 Napth So— S 583 HOMO—-LUMO 1.31 539
(90.2%)

3 COO So— S 413 HOMO-LUMO 2.17 487
(98.9%)

4 CONH, So— S 490 HOMO—-LUMO 2.29 527
(100%)

5 COCHj3 So— S 571 HOMO—-LUMO 2.38 593
(100%)

6 COEt So— S 484 HOMO—-LUMO 2.46 554
(100%)

7 SO;NH, So— S 443 HOMO—-LUMO 2.52 480
(100%)

8 CN So— S 507 HOMO—-LUMO 2.39 545
(100%)

1l Calculated absorption maximum in DMSO.
] Observed absorption maximum in DMSO.

2.2. pKa determinations

The acidic thermodynamic constants were determined by spectro-
photometric titrations in 50% (v/v) DMSO-water mixtures (0.1 M KCl,
ionic strength) at recording the spéctra between 260 and 600 nm.
Temperature control at 25 £ 0.1 °C was attained by circulating water
with a Peltier thermostated accessory. Titrations were performed
against pH starting at pH = 9 and adding increasing amounts of a
standardized solution of NaOH (0.1-0.5 M) in the same solvent mixture.
Data sets were analyzed with HypSpec14 (Protonic Software). In 50% v/
v DMSO-H0 (20% DMSO: 80% H0 M) at 25 °C the activity of water is
0.447 (-log ay, = 0 0.349) [35] very different to the ideal value of 1 used
as standard in pure water. In this medium the pKs, value is 15.5 [36,37].

2.3. Optical properties

UV/Vis absorption spectra were recorded on Cary 60 or Cary 300
UV-Vis-NIR equipped with a Peltier thermostated cell holder device
temperature-control unit (AT + 0.05 °C). Fluorescence excitation-
emission spectra were recorded on a Cary Eclypse spectrophotometer
at 25 + 1 °C in 1 cm quartz glass cuvettes using spectroscopic grade

ev

0.0 -

-1.0 -

-2.0 -

-3.0

-4.0 -
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solvents. Slit widths were set to 5 mm bandpass for both excitation and
emission. Solutions of N-squaraines were prepared in DMSO or
DMSO-H0 mixtures of variable composition, as indicated in the text.
The solutions were allowed to stand for 5 min before obtaining ab-
sorption and emission spectra. Quantum yields (®) were obtained by
comparison of the integrated area of the emission spectrum of the
sample under study relative to fluorescein (®.r = 0.91, NaOH 0.1 N),
Rhodamine 6G (@, = 0.91, EtOH), Rhodamine 101 (®.f = 0.915,
EtOH) or Coumarin 153 (®.f = 0.53, EtOH). Refractive indexes: 1.476
for DMSO, 1.359 for EtOH and 1.33 for water. Fluorescence intensities
were obtained by integrating the emission spectra over their full spectral
range. All measurements were made in triplicate and averaged.

2.4. Computational methods

All calculations were performed using the ORCA [38] software
package (ORCA-ESD module). All structures were optimized using the
B3LYP functional [39-41] and the def2-TZVP [42] basis set. For the
computation of two-electron integrals, the resolution of identity
approximation was used for the Coulomb part (RIJ) with the corre-
sponding auxiliary basis. For the excited states, TDDFT with the
Tamm-Dancoff approximation was employed [43]. It has been

A R i R
N ==
R R
o
sQ
B) o)
H +
O
NSQ

Chart 1. Representative mesoionic structures of the two possible aniline-
derived squaraines. A) Cx, -SQ bonded, and B) N,N-SQ bonded, referred to as
SQ and NSQ, respectively.

p

Fig. 5. Molecular orbital energy diagrams and isodensity surface plots of HOMOs and LUMOs of NSQs 1-8.
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Chart 2. Some resonance structures of NSQs dyes investigated herein.
N-squaraines derived from primary anilines are insoluble com-
Table 4

Photophysical parameters calculated from the path integral approach at the
B3LYP/def2-TZVP level of theory.

Comp. X emission Aeate ™! (nm) ke(s™H) Aexp 1 (am)
1 H S0 « S1 457 9.3 x 108 510
2 Napth S0 < S1 595 4.1 x 108 609
3 Cco0~ S0 « S1 481 1.1 x 10° 526
4 CONH, S0 « S1 555 7.9 x 108 574
5 COCHj3 S0 « S1 643 5.7 x 10® 644
6 CO,Et S0 « S1 592 7.1 x 108 599
7 SO,NH, S0 « S1 560 7.4 x 108 507
8 CN S0 « S1 571 7.6 x 108 587

[l Calculated and experimental emission maxima in DMSO.
] Calculated and experimental emission maxima in DMSO.

demonstrated that this approximation to TDDFT reduces the computa-
tional cost for the B3LYP functional and yields excited state transition
energies, which are typically of the same quality as those which are
obtained from TDDFT itself [44]. We searched for the first 10 roots and
used the one that represents the first excited state from the experiment.
This is reasonable since, in all cases, the lowest lying transition corre-
sponds to SO—S1 transitions (vide infra). Moreover, to further support
this criterion, in one compound (NSQ 8), we have used 20 roots,
obtaining identical results. The convergence criteria for both the SCF
and geometry optimizations were set to TIGHT. The DFT grid was set to
GRID4, and all the other parameters were chosen as default. The opti-
mization of the geometries and the calculations of the fluorescence rate
constants (obtained from the transition dipoles) were done in DMSO
after the application of the linear response conductor-like polarizable
continuum model (LR-CPCM) perturbation of the density. The theoret-
ical prediction of fluorescence rates and absorption and emission spectra
from first principles was made using the path integral approach [45].

3. Results and discussion

Classical syntheses of symmetrical NSQs involve condensing squaric
acid with 2 M excess of the aniline in DMF or DMSO [16] or refluxing the
mixture of both compounds in n-BuOH/toluene solvent mixtures with
azeotropic removal of water [46]. In this work, we set up a greener and
chemoselective approach using water as the solvent and performing the
condensation under microwave heating at 120 °C for 1 h. Using this
procedure, N-squaraines 1-9 were isolated in good yields (80-90%), and
essentially free of contamination by the corresponding squaramides.
Although the classical method of syntheses is also applicable here, we
found our method more convenient in yield and selectivity towards
N-squaraines (see Scheme 1)

pounds in most ordinary solvents. They are weakly soluble in DMF and
DMSO used for recording the 'H NMR spectra but inadequate for
recording the N-squaraines **C{H}NMR spectra in solution.

The simplicity of the 'H NMR spectra indicates the symmetric C,
arrangement of the two aryl rings around the central squaryl core. We
used 13C CP-MAS NMR spectroscopy to further characterize N-squar-
aines 1 to 9. In all these cases, the spectra are reasonably simple,
showing two characteristic well-resolved peaks at 174.0 = 0.5 and
169.5 + 1.0 ppm, respectively, that can be safely assigned to the two
magnetically distinct squaryl carbons common to all NSQs.

3.1. NSQs acid-base properties and pK, calculations

N-squaraines are ionizable compounds that, in a solution, can exist in
three prototropic forms, neutral, monoanion, and dianion (Scheme 2).
To prove the direct implication of the dianionic forms in the observed
fluorescence, we evaluated the ionization constants of NSQs in DMSO-
H0 mixtures because of the lack of solubility of NSQs in pure water.

The UV-vis spectrum of NSQ 8, taken as an example, in a basic
aqueous solution (0.1 N, NaOH) containing 1% v/v of DMSO, shows a
band at 380 nm corresponding to a mixture of the neutral and mono-
anionic forms. In contrast, the dianion band is hardly detected as a
shoulder at around 460 nm (Fig. 1A). Upon increasing the percentage of
DMSO, the dianionic band is visible at about 482 nm and becomes the
only band observable in DMSO-water mixtures 50:50 v/v. The double
ionization of the NSQs runs parallel to the high basicity of the hydroxide
anion in DMSO (pKa 31.4) compared to water (pKa 15.75) [47]. The
changes in the composition of the solvent mixture produced a bath-
ochromic shift (c.a. 16 nm) of the two bands indicating negative sol-
vatochromism, which is the expected behavior for anionic
chromophores whose ground state is more polar than the excited state
[48]. In fact, the DFT calculations reported herein show that the charges
at the heteroatoms of the squaraine core are greater in the ground state
than in the excited state. For instance, in compound 6, the atomic
charges at the N and O atoms at the ground state are — 0.23 and - 0.45 e,
respectively, and they become smaller in absolute value in the excited
state (- 0.19 and - 0.42 e for N and O-atoms, respectively). Here, the
formation of NSQ dianions is likely crucial and directly related to the
observed fluorescence of the NSQs (Fig. 1B).

The protonation constants of N-squaraines in (50:50 v/v) DMSO-H50
mixtures were assessed by UV-vis spectrophotometric titrations. The
mixed DMSO-H,0 medium provides an extensive acidity range (pKy, =
15.5), thus permitting the evaluation of deprotonation equilibria of
weak acids that could hardly be studied in water [37]. However,
N-squaraines 1 (X = H) and 2 (Naphtyl), lacking any
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electron-withdrawing group (EWG), are weaker acidic compounds.
Consequently, the absorption bands of their dianionic forms are only
partially formed in 1:1 v/v DMSO-H,0 mixtures. On the other hand,
NSQs 4 and 7 feature additional NH protons susceptible to ionization
hampering data interpretation. Therefore, we used the UV-vis spectra of
N-squaraines 3 (CO2H), 5 (COCHj3), 8 (CN), and 9 (NO3), which show
similar trend patterns, and assuming they are diprotic acids, to obtain
the corresponding pK, values. Fig. 2A shows the UV-vis spectral dif-
ferences due to changes in pH of a fixed (50:50 v/v) DMSO-H20 solvent
mixture of NSQ 8. Upon titration with an alkaline base (OH ™), the initial
band (402 nm; ¢ ~ 10* M~lem™!; pH ~ 10) exhibited a slight intensity
increase but rapidly decreased upon further additions. Simultaneously, a
new intense band appeared at 482 nm. The intensity of this band,
assigned to NSQ 8 dianion, shows a sigmoid curve indicating the exis-
tence of an acid-base equilibrium (Fig. 2B), and the whole data were
analyzed with HypSpec software to give the ionization constants
depicted in Table 1 (see also, Fig. S18) [49]. Remarkably, the calculated
acidity constants align with the Hammett substituent parameters (o)
reported for electron-withdrawing substituents [50]. Although too pre-
liminary for deriving a complete explanation, these results suggest that
the EWG substituents could increase the stability of the conjugated base
of the “acidic” NH squaraine protons helping to delocalize the negative
charge developed on the nitrogen atoms of the N-squaraines.

3.2. Photophysical properties of NSQs

Next, we move to DMSO-H,0 mixtures containing (99:1 v/v) of a 0.1
N NaOH solution. In this media, the hydroxide anion (pK, =~ 31) is
stronger enough to deprotonate NSQs 1-9, and NSQs become soluble
due to their complete deprotonation. The observed absorption maxima
range from 459 to 748 nm depending on the electron withdrawing
character of the aryl substituent that participated in each chromophore.
In all these cases, the long wavelength-absorbing band of the dianion is
more intense than that of the protonated forms. For example, the molar
extinction (&) for NSQ 8 dianion is 86.000, vs. 62.000 M lem™! for its
corresponding mono- and di-protonated forms.

The fluorescence excitation and emission spectra of NSQs 1-9
(Table 2 and Fig. 3) were studied in the same solvent mixture by exci-
tation close to the maxima of the respective dianion absorbing band.
Pleasantly, NSQs 1-8 showed an emission band that, in all cases, was the
mirror image of the lowest energy absorption band. Also, the excitation
spectra recorded at the emission maxima matched the absorption
spectra in every case, thus informing that the absorption band of the N-
squaraine dianion and no other bands at shorter wavelengths were
responsible for the observed fluorescence. The excitation at shorter
wavelengths revealed no additional emission bands. The Stokes shifts
(A)) range from 27 to 70 nm (1100-2180 cm ™). These are moderate
values indicative of a change in dipole moments between the ground and
excited states of the previously formed dianion.

Despite having highly acidic NH hydrogen atoms (Table 1), and the
longest wavelength dianionic absorption band among all the studied
NSQs, N-squaraine 9 (X = NO,) was non-fluorescent in all conditions
already tested. Although the precise mechanism underlying the lack of
fluorescence is unknown, the nitro group is commonly recognized as a
fluorescence quencher group. The relatively high energy of the lone-pair
electrons and the strong EWG effect of the NO, group provide effective
ways for a radiationless deactivation of the chromophore in the excited
state [51]. The fluorescence quantum yield of NSQ 8 dianion (X = CN;
@ = 0.72 is remarkable since the value measured for 8 in its protonated
neutral form in DMSO is negligible (& < 107>). A similar trend, though
less significant, was observed for the NSQs 3, 4, 6, and 7, with quantum
yields ranging between 0.2 and 0.3. On the other hand, the dianion
derived from NSQs 1(X = H) showed a low quantum yield (& < 0.05),
while that from NSQ 2 (Nafth) and 5 (X = COMe) could not be evaluated
due to the chemical degradation of the dianions.
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3.3. Chemical stability of NSQs

The evident degradation of NSQ dianion 2, and to a lesser extent 5,
raises the issue of the chemical stability of NSQs in the highly alkaline
media used in these experiments. Fig. 4D shows the time-course of the
fluorescence intensity band of NSQ dianions 3-8 measured at the fluo-
rescence intensity maxima. For NSQs 1, 2, and 9, which are weakly
fluorescent and non-fluorescent, respectively, we measured the evolu-
tion of the absorption bands of their dianionic forms. We noticed three
different situations, i) fluorescent and chemically stable; ii) non-
fluorescent but chemically stable; and iii) fluorescent but unstable dia-
nion. Fig. 4A shows the perfect match among consecutive emission
spectra of NSQ 8 (X = CN), for example, recorded over 2 h. Remarkably,
the emission spectra of dianion 8 remained unaltered even after 15 h in
the alkaline medium used in this experiment (99:1 v/v DMSO-H50
mixture, 0.1 N NaOH solution). Fig. 4B, corresponding to NSQ 9 (X =
NO,), exemplifies a non-fluorescent but chemically stable NSQ dianion.
In general, the dianionic nature of the N-squaraine fluorophores protects
from the nucleophilic attack by the hydroxide that leads to hydrolytic
degradation. However, Fig. 4C, recorded from NSQ 2 (Napth) shows the
fluorescence evolution of the worst-case among those already studied.
Here, the fluorescence of the dianion rapidly diminishes until almost its
complete disappearance after 2 h due to hydrolytic degradation to the
squaramate anion and the concomitant formation of the corresponding
1-naphthylamine as demonstrated by NMR and fluorescence degrada-
tion experiments performed on NSQ 2 (see, Supplementary Data,
Figs. S19 and S20).

One can safely argue that the pK, of this compound is very high
(>15.5). Therefore, the acid-base equilibrium would compete with the
nucleophilic attack of the hydroxide on the iminium bond of the mono-
or doubly protonated NSQ 2 (Scheme 3). However, it is worth
mentioning that the acidity strength of NSQ 1 (X = H), akin to that of
NSQ 2, proved stable enough in the same alkaline media. Thus, some
other factors, perhaps the extended aromatic system of the naphthyl
moiety, could decrease the activation energy of the nucleophilic attack
and, together with the low acidity of the NSQ 2 protons, could signifi-
cantly speed its degradation process.

3.4. DFT calculations

Density functional theory (DFT) calculations of several NSQs were
carried out to get further insight into the absorption and emission
properties of NSQ dianions. The geometry optimization (B3LYP/def2-
TZVP) and absorption/emission properties of the NSQs were computed
using first-principles calculations and the path integral approach
developed by de Sousa et al. [45] The calculated Apqx values, principal
orbital transitions, and oscillator strength (f) values are presented in
Table 3. The calculated A« values are in acceptable agreement with the
experimental values with absolute errors ranging from 3.7% for
5-15.2% for 3. The larger error observed for compound 3 is likely
related to its tetra-anionic nature and the possible existence of acid-base
equilibria. For all the NSQs studied, the observed UV bands correspond
to Sg — S; excitations attributed to the HOMO — LUMO transition that
embraces the central C4O2N; ring and the two arenes. As shown in Fig. 5,
this transition involves intramolecular charge transfer from the central
C402N; anionic core to only two C-atoms of the four-membered ring
(those not bonded to oxygen), similarly to previously reported studies on
SQs [52,53]. Additionally, the HOMO — LUMO transitions shown in
Fig. 5 entail n—n* transitions in both aromatic rings, including the
substituents. Compared to 1, the substituents extend the conjugation of
the system, thus increasing the Ap,qc values. The substituents also in-
crease the spatial overlap of the HOMO and LUMO orbitals, thus fa-
voring the HOMO — LUMO transition. For Compound 2, where the
HOMO — LUMO transition is 90%, two additional transitions (~5%)
were observed, which are described in the SI (see Fig. S21).

The emission results of NSQs have also been analyzed theoretically to
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provide further insight into the fluorescence observed in compounds
1-8. For all NSQs, the S; — Sy emission corresponds to the transition of
LUMO to HOMO. The predicted emission energies range from 457 nm
for 1 to 643 nm for 5, which can be assigned to an intramolecular charge
transfer transition, as common in conjugated molecules. In general, the
excellent agreement between the predicted and observed emission gives
reliability to the path integral approach. The largest difference (10%
error) was obtained for NSQ 1. The calculated fluorescence rates at 298
K for all the molecules tested are presented in Table 4, disclosing similar
k¢ values. These rate constants are very similar to those reported by
Kubota et al. for a series of fluorescent bis(pyrrol-2-yl)squaraines [49]
and suggest that the NSQs analyzed herein decay from the S; state to the
Sp state via the radiation transition channel by fluorescence emission.
However, the fact that all compounds exhibit similar theoretical k¢
values disagrees with the low quantum yields observed for compounds 1
and 4, see Table 2. For these compounds a competitive non-radiative
mechanism likely occurs.

4. Conclusion

In summary, we reported the microwave-assisted synthesis of sym-
metrical N-squaraines. These compounds are weakly acidic and can be
deprotonated with hydroxide bases in DMSO-H0 solvent mixtures. The
resulting N-squaraine dianions feature a highly negative central squaryl
core flanked by two para-substituted electron-deficient arenes. The
ionized NSQs showed intense emission fluorescence with quantum
yields ranging from 0.2 to 0.7. The absorption (Sy—S;) and emission
(S1—Sp) transitions occur in the visible, depending on the substituent.
Relevant to this study is the high resistance to chemical degradation of
N-squaraine dianions, likely due to a protective effect caused by repul-
sion between the participating negative species. Given that N-squaraine
fluorescence has been poorly studied so far, these compounds open a
way to develop effective absorption and fluorescent probes based on N-
squaraines derived from primary anilines.
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