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Abstract

Two new 2-naphthyl squaramides, 3-methoxy -4-(2-naphtalenylamino)-3-cyclobutene-1,2-dione (SQ-NPh1)
and bis-3,4-(2-naphtalenylamino)-3-cyclobutene-1,2-dione (SQ-NPh2) were synthesized via condensation
reaction between the dimethylsquarate and 2-naphthylamine. The spectrometric characterization by “*C-NMR
confirmed the obtaining of the squaramide derivative and nor the squaraine analog. This hypothesis was
corroborated by Raman and Infrared spectroscopy since the characteristic vibrational bands related to the
oxocarbon portion of both structures have been assigned, such as the ones for SQ-NPh1 and SQ-NPh2. The
single-crystal X-ray crystallography for SQ-NPh1 crystal structures have been solved and the structure of SQ-
NPh2 have been refined using Powder Diffraction state-of-art. The SQ-NPh1 crystallizes in monoclinic system
in P2/c space group. Both squaramides present absorption in the ultra-visible (220-370 nm) and fluorescent
emission in the near-infrared (780-800 nm), besides they also presented high thermal stability (around 570 °C).
Generally, only squaraines are reported as NIR emitters, this is the first description of NIR emission for
squaramides, and since the synthesis of squaramides is very easy and the rational design of small-molecule NIR
fluorophores is of high priority and great value, these results are very promising for the development of novel

NIR fluorescent dyes.
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1. Introduction

Near-infrared (NIR) light is an electromagnetic radiation with a longer wavelength than visible light
(400-700 nm), extending from the nominal red edge of the visible spectrum at 700—2500 nm. Near-infrared
materials can be classified into two groups: inorganic materials including metal oxides and semiconductor
nanocrystals; and organic materials including metal complexes, ionic dyes, extended p-conjugated
chromophores [1-3].

NIR-emissive organic materials, or near infrared fluorescence (NIRF) materials, are relatively less
available than NIR-absorbing, organic materials [3,4]. As a matter of fact, NIR emitting materials have attracted
great attention for potential applications, such as in organic light emitting diodes (OLEDs) [3,5,6], light
emitting electrochemical cells [1,7,8], photovoltaic cells [9], chemical sensors [10,11], telecommunications [2]
and in night-vision target identification [2,5,12]. It is remarkable that NIR emissive organic materials offer
advantages in biological optical imaging, because of no or low NIR auto fluorescence from tissue and deeper
penetration of light into the tissues at wavelengths between 650 and 900 nm [1,3,4,13,14].

Some approaches have been established to design NIR-emitting molecules [2,5,6] such as: the
introduction of specific substituents, heteroatoms or heterocycles, m-conjugation length [15-20] and donor-
acceptor (D-A) system [1,21-27]. Among many kinds of possible molecular structures, squaraine dyes can be
considered a very suitable building block for donor-acceptor type organic dye molecules with intense absorption
in the visible to the near infrared region [28]. Squaraine dyes, or 1,3-squaraines, are the condensation products
of electron-rich aromatic and heterocyclic molecules such as N,N-dialkylanilines, benzothiazoles, phenols,
azulenes and pyrroles with 3,4-dihydroxy-3-cyclobutene-1,2-dione (“squaric acid”) [29]. The squaric acid
(H2Sq) - 3,4-dihydroxycyclobut-3-ene-1,2-dione or diketocyclobutenediol (1) - is a versatile organic building
block that can be used in a variety of fields in organic and inorganic chemistry ranging from dyes,
optoelectronic materials to bioconjugates due to its interesting structural features such as flat cyclic structures,
high molecular symmetry (Dnh), extensive m electron delocalization and these characteristics are similar for
their derivatives [30-34]. The condensation between squaric derivatives (squaric acid, the corresponding alkoxy
squarates or 3,4- squarate dichloride, electron-acceptor unit, A) and aromatic amines (electron-donating unit, D)
can yield the donator-acceptor systems 1,3-squaraine (2) or 1,2-squaramide (3) adducts [30,31,34,35]. The
partial or total substitution of the oxygen atoms in the squaric acid (H»,Sq) by amino groups engenders the so-
called mono- (3a) and di-substituted (3b) squaramides, and the most notable body of work has been around the
development and application of these nitrogenous derivatives [31,34]. The squaramides and other derivatives
can be generally prepared by condensation of electron-rich aromatic, heteroaromatic or olefinic compounds
with squaric acid [30] or with dialkoxysquarate derivatives (named diethersquarates or diestersquarates 4, the

most widely used substrates for their synthesis [31,32,36]. Squaramides have been known to possess remarkable
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ring systems, structural rigidity, and high affinity for hydrogen bonding, and to provide some interesting
chemical and physical applications [37-39] because their species show strong absorption bands in the visible
region, intense fluorescence emission [40] and good photoconductivity [41,42]. The useful and unique
absorption and fluorescence properties of squaraines are remarkable for a variety of applications and the
possible control of the properties by electron-acceptor or electron-donating units can lead to absorption at lower
energy and in the red to NIR regions which is important and promising for dye-sensitized and organic
photovoltaic cells [28,43,44]. It has been recognized that for conventional squaraines the fluorescence might be
easily shifted deep into the NIR region through the addition of dicyanoviny! groups into the framework, and this
strategy also enhances NIR fluorescence properties and chemical robustness [45-48].

As cited before, the introduction of specific substituent groups electron donor-acceptor (D-A) system is
a well-established methodology to design NIR-emitting molecules [1,21-27] and molecular hybrid squaraines,
or 1,2-squaramides whit donor-acceptor systems (D-A) can be made connecting the squaric electron-acceptor
unit (A) and electron-donating substituents (D) through the chemical reaction between high reactive
electrophilic squaric derivatives and fluorescent aromatic amines. The investigation of the synthesis of new
amino-squaric (squaraine or squaramide) derivatives obtained with electron-donor and fluorescent substituents
in order to achieve novel NIR molecular emitters is very promising.

Herein, we report the synthesis and the NIR emission investigation of two new 1,2-squaramides with
donor-acceptor (D-A) molecular hybrid system: 3-methoxy-4-(2-naphtalenylamino)-3-cyclobutene-1,2-dione
(SQ-NPh1) and bis-3,4-(2-naphtalenylamino)-3-cyclobutene-1,2-dione (SQ-NPh2) obtained through direct

condensation reactions between 2-aminenaphtalene (5) and 3,4-dimethoxy-3-cyclobutene-1,2-dione (4).
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Figure 1. Squaric derivatives, the precursor molecules and the novel squaramides investigated



2. Experimental

2.1. Chemicals and Reagents

Squaric acid (H,Sq) was purchased from Sigma-Aldrich, 2-aminenaphthyl was obtained from Combi-
Blocks and both were used as received without further purification.

2.2. Synthesis
2.2.1. Obtaining of 3,4-Dimethoxy-3-cyclobutene-1,2-dione (4)

A solution of 0.30 g (2.6 mmol) of squaric acid (1) and 0.80 g (4.1 mmol) of concentrated sulfuric acid
in 25 mL of anhydrous methanol in a round-bottomed flask equipped with a reflux condenser was heated until
reflux for 24 hours. After the reaction was complete, the solution was cooled, neutralized with saturated sodium
bicarbonate solution and extracted with 3 x 50 mL of dichloromethane. The organic phase was then dried with
anhydrous magnesium sulfate, filtered and evaporated to afford 0.32 g (87 %) of a yellow oil. IR (ATR, cm™):
2996 (ven), 1809 (ve=o), 1638 (ve=c), 1266 (vc.o), 735 (8en)-*H NMR (400 MHz, CDCls-dY) § 4.37. °C NMR
(400 MHz, CDCls-d%) 8 61.22, 184.67, 189.39.

2.2.2. Preparation of 3-Methoxy -4-(2-naphthalenylamino)-3-cyclobutene-1,2-dione (SQ-NPh1)

A solution of 0.10 g (0.70 mmol) of 2-aminenaphthyl (5) in 15 mL of methanol was added to a
homogeneous solution of dimethylsquarate (2) (0.10 g, 0.7 mmol) and methanol in a 25 mL round bottom flask
equipped with a magnetic stirrer and a reflux condenser. The mixture was stirred for 12 hours at room
temperature and a solid was obtained. The obtained yellowish solid was recrystallized with tetrahydrofuran
(65%). MP: 219,5 -220,0 °C. IV (ATR, cm™): 3261 (vn-+), 1802 (ve=0), 1709 (ve=o0), 1639 (Scn-+), 1595 (Sn-),
1398(ve=c), 1260 (ven). "HNMR (400 MHz, DMSO-d®) & 4.40 (3H); 7.42 (1H, t,J=7.5); 7.49 (1H, t, J=7.2);
7.55 (1H, d,J= 8.76); 7.79-7.81 (2H, m); 7.86 (1H, d,J=8.05,); 7.90 (1H, d, J=8.94) 10.95 (1H). **C NMR (400
MHz, DMSO-d®) §60.59, 115.84, 119.85, 125.08, 126.81, 127.25, 127.60, 128.88, 129.97, 133.19, 135.60,
169.25, 178.92, 184.02, 188.07. ESI-MS m/z [SQ-NPh1+Na]": Calculated for Cy5H;;NO3: 276.0636, Found:
276.0631.

2.2.3. Preparation of bis-3,4-(2-Naphthalenylamino)-3-cyclobutene-1,2-dione (SQ-NPh2)

To a magnetically stirred mixture of dimethylsquarate 4 (0.10 g, 0.70 mmol) and methanol was added 2-

aminenaphtalene 5 (0.20 g, 1.4 mmol) dissolved in 25 mL of methanol. The mixture was stirred during 24 hours
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at room temperature. The solid obtained was filtered and purified by recrystallization from dimethylsulfoxide to
yield a yellow crystalline product (56%).MP > 300 °C. IV (ATR, cm™): 1785 (ve=0), 1667 (vVc=0), 1632 (8cn-+),
1587 (8nH), 1381(ve=c), 1270 (vewn). );*H NMR (400 MHz, DMSO-d6) & 7.42 (2H, t, J= 7.7); 7.50 (2H, t,
J=7.3); 7.69 (2H, d, J= 8.8); 7.82-7.88 (4H); 7.94-7.96 (4H); 10.14 (2H).*C RMN (400 MHz, DMSO-d°)
0114.54,119.24, 124.85, 126.90, 127.17, 127.67, 129.29, 129.66, 133.52, 136.25, 165.87, 181.94.

2.3. Instrumentation
Melting points were determined on a Micro-Quimica apparatus MQAOF-301. The characterization of
compounds was performed by vibrational spectroscopy (Raman and infrared). Raman spectra were collected
from solid phase using a Bruker RFS 100 FT-Raman instrument equipped with Ge detector refrigerated by
liquid nitrogen, with excitation at 1064 nm from a Nd:YAG laser, power of 100 mWat the sample, in the range
between 3500 and 100 cm™, and spectral resolution of 4 cm™, with an average of 512 scans. Diffused
reflectance infrared Fourier Transform (DRIFT) spectra were recorded in an Alpha Bruker FT-IR spectrometer,
in the region 4000-400 cm™, with 4 cm™ of spectral resolution, and average of 128 scans. The background
spectrum was recorded with the DRIFT cell filled with KBr and the sample spectrum was diluted in KBr.*H and
3C NMR spectrometry were performed at 400 MHz on a Brilker DPX 400 advance spectrometer, using
solvents as internal references. Chemical shifts (8) are reported in parts per million downfield from
tetramethylsilane (TMS) and in DMSO-d®. Thermogravimetric analysis (TGA) was performed by TA
Instruments TGA Q5000 under a dry nitrogen gas flow at a heatingrate of 5 °C/min. Ultraviolet—visible (UV-
vis) absorption spectra were recorded using a Shimadzu UV-2550 UV/VIS spectrometer. The PL spectra were
recorded using a Cary Eclipse Fluorescence Spectrophotometer (Xe pulse lamp, pulsed at 80 Hz). High resolution
electrospray ionization mass spectra were included in the Bruker Micro TOF - Q Il spectrometer. The
measurements of X-ray diffraction by single crystal for SQ-NPh1 were carried out in a diffractometer
Supernova Agilent with CCD area detector ATLAS S2, using MoKa radiation (o = 0.71073 A) at room
temperature. The data collection, reduction, unit cell refinement and absorption correction were performed using
Crysalis RED software (Oxford Diffraction Ltda, version 171.39.46) [49]. The structures were solved and
refined using crystallography programs SHELX-2018/3 [50]. The structures were drawn using the programs
ORTEP-3 for Windows [51] and mercury [52]. The diffraction data for bis-3,4-(2-naphtalenylamino)-3-
cyclobutene-1,2-dione (SQ-NPh2) were collected by overnight scans in the 20 range of 4-105° with step of
0.02° using a Bruker AXS D8 Da Vinci diffractometer, equipped with Ni-filtered CuKa radiation (A=1.5418 A),
a Lynxeye linear position-sensitive detector was used and the following optics were set up: primary beam Soller
slits (2.94°), fixed divergence slit (0.3°) and receiving slit 7.68 mm. The generator was set up at 40 kV and 40
mA. Approximate unit cell parameters were determined using about 21 low-angle peaks, followed by indexing
through the single-value decomposition approach [53] implemented in TOPAS [54]. Interesting point out that
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the space group P2:/c gave the same R that space group Pa.. However, the peak 010 at 14.3 (2theta), which
has very low intensity, is present and the space groups P»/c was chosen for SQ-NPh2 and cell parameters were
eventually refined using diffraction data up to 55° (20) range by the Pawley method [55]. In the present case no
higher symmetry transformations were suggested by PLATON [56]. The structure solution process was
performed by the simulated annealing technique [57] also implemented in TOPAS, where only a half SQ-NPh2
molecule has been drawing by Z-matrix formalism. The translation of half SQ-NPh2 molecule, located at the
center of the square moiety, has been fixed at special position 0.5x 0.5y 0.75z, as similar other structures solved
by powder diffraction data studies [58—60]. In simulated annealing step, rotation and two torsion angles of SQ-
NPh2 were left free. In the final refinement stage, carried out by the Rietveld method [61], 37 parameters were
refined, including 12 coefficients for the background contribution modeled by a Chebyshev polynomial
function. An overall isotropic thermal parameter model 0.3(3) was employed for all atoms. The final Rietveld
refinement plot is described as supplementary information — Figure S12.

Cambridge Crystallographic Data Centre (CCDC) - 1897505 contains the supplementary crystallographic data
for SQ-NPh1. Crystal data, fractional atomic coordinates and displacement parameters of seven crystal
structure described for SQ-NPh2 are supplied in standard CIF deposited in the CCDC under number 1894166.
These data can be obtained free of charge via https://www.ccdc.cam.ac.uk/structures/, or by e-mailing
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44(0)1223-336033.

3. Results and Discussion
3.1. Synthesis of the investigated 2-naphthyl squaramides SQ-NPh1 and SQ-NPh2

The mono- and disubstituted squaric derivatives SQ-NPh1l and SQ-NPh2 were synthesized in an
efficient two-step straight forward route as reported in Figure 1. The dimethylsquarate 2 was obtained in good
yield (87%) by direct condensation of squaric acid (1) with concentrated sulfuric acid and methanol in excess.
Other attempts to prepare this starting material were tried, but none of them were so easy and efficient [62,63].
The synthesis of these novel compounds, in reasonable yields, were carried out from the condensation reactions
at room temperature between dimethylsquarate 4 and 2-naphthylamine 5. mono-naphthyl analog SQ-NPh1 was
obtained with the amine in equimolar amounts (Fig. 2) and the corresponding disubstituted SQ-NPh2 was
prepared with bis-equimolar amount of the amine and longer reaction. In fact, it has been related that the
synthesis of mono-amino-squaraines could be achieved through direct reaction of squaric acid (1) with amines
in methanol, and that in DMF the 1,3-diaminosquaraines would be obtained as major product and the
corresponding mono- and di-squaramides as minor products [35,64,65]. The mono-squaramide would be

preferentially obtained in water, with or without acid catalysis [66], and the microwave-assisted preparation in
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water gives selectivity for the mono-squaramide [64]. The dichloride squarate was also prepared [67], but the
subsequent reaction with 2-naphthylamine [67,68] did not yield the products with easiness for purification. It
has been cited [32], that squaric acid diesters can effectively be used as starting materials to 1,3-squaramides
synthesis, and they are able to couple two different amino-functionalized molecules for the preparation of non-
symmetrical bis-squaramides. The obtained results herein confirm that in order to synthesize the corresponding
mono- or bis-squaramides with selectivity, the utilization of methanol as solvent is a suitable methodology, in
accordance with the literature [31,64].

HO, OH /o 0\ . o (o]
RS
— i — . . SQ-NPh1
/N Y% /7 T\ HN 62%

(o] le] o o) 2 1111

1 2 4 H n

0// \\O

SQ-NPh2
60 %
i =H,S0,4, MeOH, reflux, 24 h ; ii, iii = MeOH, stirred, 12 h

Fig. 2. Synthetic route for obtaining of SQ-NPh1 and SQ-NPh2

The analysis of the IR and Raman spectra (Table 1, Figures 3 and 4) of SQ-NPh1 and SQ-NPh2
revealed that both compounds present characteristic carbonyl vibration bands from squaramide structure,
respectively at 1802, 1709 cm™ and 1785, 1667 cm™. Some important bands can be assigned to the oxocarbon
portion of both structures, such as the ones at 1805 cm™ for SQ-NPh1 and at 1788 cm™for SQ-NPh2 in the
Raman spectra, which are assigned to the CO stretching mode; the same vibrational mode can be seen at 1802
cm™and 1785 cm™, respectively, in the infrared spectra. The C=O stretching vibration coupled with C=C
stretching mode can be assigned to the band at 1714 cm™ (1709 cm™ in the infrared) for the SQ-NPh1 and at
1662 cm™ (1667 cm™ in the infrared) for SQ-NPh2. The ring breathing mode can only be observed in the
infrared spectrum at 729 cm™ for SQ-NPh2, whereas the ring angular deformation shows up at 615 cm™ (614
cmin the IR) for mono-derivative and at 592 cm™ (586 cm™ IR) for bis-derivative. Bands observed at 3060 cm’
! in the Raman spectra are assigned to the 2-aminonaphthyl ring portion, and can be also observed at 3057 cm™
in the infrared spectra (for mono-analogue, SQ-NPh1) and 3054 cm™ (bis-, SQ-NPh2). Other vibrational
modes, such as the angular deformation and amine stretching, can be assigned to the bands at 1642 and 1264
cm™, respectively in the Raman spectra for SQ-NPh1, and at 1636 cm™ and 1270 cm™for SQ-NPh2. The very
characteristic naphthyl amine band is assigned to the Raman peak at 1398 cm™ for mono-substituted and 1385

cm™ for bis-substituted analogue, whereas the ring breathing mode for the mono-substituted can be seen at 754
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cm™ (753 cm™ IR) and for bis-substituted at 756 cm™ (751 cm™ IR). The COC stretching mode can be seen at

1037 cm™ for SQ-NPh1 in the Raman spectrum, and this band can be used for the differentiation between the

two structures, since the SQ-NPh2 does not present this molecular group. It is worth of mention the band at

467 cm™, assigned to the NH angular deformation for mono-substituted compound and at 478 cm™ for bis-

substituted.
Table 1

Suggested vibrational assignment of SQ-NPh1 and SQ-NPh2 all values are given in wavenumbers (cm™)

SQ-NPh1 SQ-NPh2 Tentative

Raman vV Raman \Y Assignment

3260 3261 n.d. n.d. vs(NH)
3060 (w) 3057 (w) 3060 (w) 3054 (w) v(CH) of 2-NFT ring
1805 (w) 1802 (m) 1788 (w) 1785 (m) v(CO) squarate ring
1714 (w) 1709 (s) 1662 (w) 1667 (s) v(CO) + v(CC) squarate ring
1642 (s) 1639 (w) 1636 (3) 1632 (w) §(CNH)
1590 (w) 1595 (s) 1587(w) 1587 (m) 6(NH) + v(CC) 2-NFT ring
1478 (m) 1472 (w) 1470(m) §(CH)
1398 (s) 1398 (w) 1385(s) 1381 (w) v(CC) of 2-NFT ring
1264 (w) 1260 (w) 1270(m) 1270 (m) v(CN)
1230 (w) 1228 (w) 1226(m) 1225 (w) o(CH) + vgicn(g;) of 2-NFT
1197 (w) 1192 (w) 1196 (m) nd. V(CN) E?&?-{r)rﬂé(cc) of
1097 (w) 1094 (w) 1088 (w) 1088 (w) v(CC) squarate ring
1037 (w) 1037 (w) n.d. n.d. v(COC)
779 (m) 774 (W) 777 (m) 777 (W) 3(CCC)
754 (m) 753 (m) 756 (w) 751 (w) 2-NFT ring breath

n.d. n.d. 729 n.d. Squarate ring breath
615 (W) 614 (W) 592 (w) 586 (M) § (squaratering)

n.d. 467 n.d. 478 5(NH)

vs, symmetrical; v,stretching; 8 angular deformation;

n.d.= non-detected stretching
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The *C-NMR spectra analysis corroborated the mono-squaramide structure obtaining for SQ-NPh1,
since two signals corresponding to different carbonylic carbons were assigned (& 188.07 and 184.02 ppm) and
none detection of signals related to squaraine carbons, usually appearing around 6 175 ppm [64,69]. SQ-NPh2
also presented in its **C-NMR spectrum only one carbonyl carbon signal (5 181.94 ppm) as expected for a
symmetrical 1,2-bis-squaramide. It is noteworthy, as previously cited, that generally according to the literature
the reactions with aromatic amines can also give the 1,3-squaraines, alongside the desired 1,2-squaramides
adducts [34-41], however in the cases reported herein, only the corresponding 3-methoxy-4-aminonaphthyl-
SQ-NPh1 and bis-3,4-bis-naphthyl-squaramides SQ-NPh2 were obtained.

3.2. Crystal Structure of mono-2-naphthyl squaramide (SQ-NPh1) and bis-2-naphthyl squaramide (SQ-NPh2)

The structures of squaramides SQ-NPh1 and SQ-NPh2 were elucidated by single and powder X-ray
diffraction, respectively. The crystal data for both compounds are displayed in Table 2.
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Table 2

Crystal data for compounds SQ-NPh1 and SQNPh2.

Compound SQ-NPh1 SQ-NPh2
Formula C1sH11NO3 C24H16N202
Molecular mass / g mol™ 253.25 364.40
Crystal System Monoclinic Monoclinic
Space group P2:/n P2/c
alA 7.4310(4) 17.479(4)
b/A 7.6077(3) 6.155(3)
c/A 21.316(1) 8.031(3)
a/° 90.000 90.00
B/° 92.392(5) 93.18(4)
v/° 90.00 90.00
VvIA 1204.0(1) 862.84(5)
Temperature / K 293(2) 293(2)
Z 4 2
Deac / g cm™ 1.397 1.4026(9)
Crystal size / mm 0.15x0.37x0.91 -
(Mo Ka) / cm™ 0.098 -
t(Cu Ka) / mm™ - 72.64(5)
Measured / independent reflections 15485 / 3125 -
Rint 0.0431 -
Observed reflections [Fo*>20(Fo?)] 2428 -
Parameters 172 37
Raragg: Rwp - 0.032; 0.187
Robs [Fo>20(Fo)] 0.0590 -
Rail 0.0744 -
WRGobs [Fo?>26(Fo)?] 0.1725 -
WRail 0.1870 -
S 1.069 -
RMS /e A® 0.052 -
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3.2.1. X-ray crystallographic results of mono-2-naphthyl squaramide SQ-NPh1
The single-crystal x-ray data confirm that the compound SQ-NPh1 is a mono-substituted compound, as can be
seen in Figure 5. Selected geometrical parameters for this compound are displayed in Table 3.

03

C4f 1 () C13
14 ( )

Fig. 5. Ortep representation of squaramide SQ-NPh1. The displacement ellipsoids were drawn at 50 % probability level.

The molecule of SQ-NPhL1 is almost planar presenting an average deviation of the best plane equal to
0.023 A and the angle between ring planes (squaramide ring and naphthyl ring) of 1.17(9)°. The biggest
deviation of molecular plane was observed for atom O3 (0.060(2)A). As observed elsewhere and in the structure
of SQ-NPh1 (Figure 4) herein there are well-known similarities between amides and squaramides, but
additionally the squaramide presents the rigid and planar structure of the cyclobutadienedione ring containing
two coplanar carbonyls and two NHs that are almost coplanar. This arrangement is stabilised by the nitrogens
that are essentially sp2-hybridised, making the lone pairs available for conjugation from N(p-orbital) into the p-
system orthogonal to the plane. The mutual influence of a squaramide NH and a carbonyl oxygen on the overall
structure is reflected as a partial contribution of limiting zwitterionic structures that restricts the rotation around
the C-N bonds of squaramides [70]. In SQ-NPh1 the distance of N1 to squaramide plane is 0.014(3) A
indicating the coplanarity of this squaramide, as expected.

The average of C-C bond in squaramide ring is 1.462(2) A and the higher CC bond length difference
(ACC) is 0.118 A. These values for sodium squarate salt are 1.4707(8) and 0.0247 A [71] and 1.461(2) and
0.067 A for 1,2-dianilinosquairane [31,72]. The CC length is very similar for these compounds, however the
ACC is smaller for sodium squarate and 1,2-dianilinosquairane, suggesting that the electronic delocalization in
SQ-NPh1 is less effective. However, a more detailed observation of the 3D packing arrangement (Figure 5a)
shows the existence of interactions between the squaramide and the naphthyl rings suggesting the m-stacking
interactions, in analogy to another work with bis-2-pyridylethylamine-squaramide [31,73]. The topological
analysis [74] of this interaction in SQ-NPhl shows that presence of two different n-stacking among

sqluaramide and naphthyl rings. The centroid-centroid distances are 3.44 and 3.59 A, the interplanar distances
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are 3.42 and 3.50 A, presenting short shifts between the rings (0.39 and 0.79A). These analyses confirm that the
n-stacking is present in this structure and is important for crystal packing stabilization. These interactions form
a 1D arrangement along of a crystallographic axis. In this compound was verified the presence of a medium
intermolecular hydrogen bond formed by NH and O atom of squaramide ring (N---O distance of 2.935(2) A)
forming a dimeric structure (Figure 5b). The association of the NH---O and =n-Stacking interations gives rise a
two dimensional arrangement in solid state as can be seen in Figure 5c.

Table 3
Selected bond distances and angles for SQ-NPh1.

Bond distance / A

C2-01 1.313(2) C5-N1 1.413(2)
C15-01 1.451(2) C1-C2 1.394(2)
C3-02 1.209(2) Cl-C4 1.466(2)
C4-03 1.208(2) C2-C3 1.475(2)
C1-N1 1.341(2) C3-C4 1.512(3)
Bond angle / ©

C1-C2-01 132.1(2) C4-C1-N1 127.0(2)
C3-C2-01 134.7(2) C2-C1-N1 141.7(2)
C2-C3-02 137.2(2) C1-N1-C5 130.3(2)
C4-C3-02 136.3(2) C6-C5-N1 123.7(2)
C3-C4-03 137.3(2) C14-C5-N1 116.2(2)
C1-C4-03 133.8(2)

Additionally, in SQ-NPh1 was observed the CH---O hydrogen bond interactions in the crystal structure
stabilization. The interactions among CH of methyl group and O2 atoms form a chain along b axis (Figure 6).
Similar interactions were also observed among CH of naphthyl and O3 atoms giving rise to a dimer, which in
association with CHmetnyn---O form a bi-dimensional (2D) arrangement (Figure 7). The geometrical parameters

of hydrogen bonds are listed in Table 4.
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(a) (b)

(©

Fig. 6. The intermolecular interactions in SQ-NPh1: a) n-stacking, b) NH---O hydrogen bonds and c) 2D arrangement.

(@ (b)

Fig. 7. CH---O hydrogen bond interactions in SQ-NPh1 view along a axis: a) CHmethyny *--O and b) CHmetnyty -+-O and CHapntnyry -+ O.
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Table 4
Hydrogen bond geometry in SQ-NPh1.

D-H---A D-H/A H---AlA D---A/A D-H---A/°
N1-Hn---O3' 0.85 2.110 2.935(2) 164
C15-H15b-02" 0.96 2.642 3.098(3) 109
C14-H14-03' 0.93 2.526 3.277(3) 138

Symmetry code: i (1-X,-1-Yy,-2),ii (2-X,%+Yy,%-12)

Since it can be assumed the restricted rotation about the C-N of squaramides, it might exist different
conformational arrangements between the C-N(-H)(-Ar) and the C-(O)-(Me) groups, they can be in syn/anti
conformations. In Figure 4 it can be seen that the molecule has the methoxyl group in opposite side to the N-H
amide bond, and the ether oxygen atom is directed to the alpha-H from the naphthyl groups, like an unusual
syn/syn conformation that is not commom in bis-squaramides [31] that normally prefer the anti/anti or syn/anti
conformations in order to favour inter- or intra- hydrogen bonds [31,38,75,76]

3.2.2. Crystal Structure discussion of bis-2-naphthyl squaramide SQ-NPh2

In absence of suitable single crystal of SQ-NPh2 its crystal structure model was achieved using powder
diffraction state-of-the-art data measured on conventional laboratory equipment. The crystallographic
parameters of SQ-NPh2 were summarized in Table 5 while selected bond distances are given in Tables 2 and
6. The molecular structures of SQ-NPh2, drawn using SCHAKAL [77], is depicted in Fig. 8. It's worth pointing
out that the SQ-NPh2 molecule is not planar, in solid state, the angle formed between naphthyl rings is about
50°. In the Fig. 9 the hydrogen bonds along b axis were depicted. As expected, the hydrogen bonds were
located between NH and O=C groups, where the distance NH...OC is about 1.946A and in a anti/anti
conformation, as usually observed for bis-squaramides [31]. This result is also in according to the data obtained
for dibenzyl squaramide investigated by Puigjaner, Prohens et. al [31,76] that remarks the presence of

cooperative H-bonding between monomers.
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Table 6
Main angle and length bonds of SQ-NPh2.

Lengths / A Angle /°
gi:ggl iig(l)gg 03-C2-C1 135*
g;g;' 13228 C2-C1-N1 135%
ﬁi@é 133883 C1-N1-C5 125.02(6)

Symmetry codes i 1-X, y,1.5-z * defined in the rigid body

C

Fig. 8. SCHAKAL plot of SQ-NPh2 molecule. Carbon, hydrogen, nitrogen and oxygen atoms are colored in dark gray, white, blue
and red, respectively.

Fig. 9. Intermolecular hydrogen bonds between NH...O=C groups.

3.3. Thermogravimetric analysis

The thermogravimetric analysis was performed for squaramides SQ-NPh1 and SQ-NPh2 in nitrogen
atmosphere (Figure 10). It can be seen that the TG curves for the mono-squaramide SQ-NPh1 do not show any
weight loss until 265 °C, and at this temperature the fusion process occurs. The bis-squaramide SQ-NPh2 is

stable until 350 °C and for both squaramides above the temperature of 570 °C occurs the thermal decomposition
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in exothermic events. This quite high thermal stability suggests possible applications of these compounds as
novel NIR emitters even with incident lasers [69].
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Fig. 10. TG-DTG curves of a) mono-squaramideSQ-NPh1 and b) bis-squaramideSQ-NPh1.
3.4. Electronic Absorption spectra

The UV-visible absorption spectra (Figure 11) for SQ-NPh1 and SQ-NPh2 were carried out in DMSO
(concentration of 1.10® M) The observed range of absorption is in quite low energy from 220 to 370 nm and
there is no other absorption until 1100 nm. The di-aminonaphthyl squaramide SQ-NPh2 presents absorption at
higher wavelength and consequently lower energy gaps due to the higher conjugation generated by the presence

of two aromatic groups.
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Fig. 11. UV-visible absorption spectra in DMSO of a) mono-squaramideSQ-NPh1 and b) bis-squaramideSQ-NPh1

3.5. Fluorescence Spectroscopy

Fluorescence emission properties of the squaramides were also investigated for SQ-NPh1l and SQ-
NPh2, with excitation at 310 and 370 nm respectively, and the fluorescence emission spectra are shown in
Figure 12. The stronger emissions were observed in both of them at around in the near-infrared region,

respectively at 750 to 780 nm, and in the mono-derivative weaker emissions were detected around 800 to 850
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nm. These intense and unique absorptions and fluorescence properties observed for these novel squaramides are
worthy requirements for a variety of photochemical applications, such as for dye-sensitized and organic
photovoltaic cells among others. It is remarkable, that this is the first description of NIR emission for
squaramides, usually only squaraines with a great variety of molecular substitutions are reported as NIR
emitters [28,29,45-48].
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Fig. 12. Fluorescence spectra of a) SQ-NPh1 and b) SQ-NPh2 in acetonitrile.
In the literature, there are some noteworthy specific squaraines with intense NIR emission, such as the

indolenine squarylium dyes with additional electron-donating amine centers [42] or with emission at 900 nm as
the malononitrile-methylquinolinium squaraines [78]. Really, the syntheses of squaraines are a little more
complicated [79], especially in some cases as the bis-squaryllium squaraines with thiophene spacers, also with
emission at = 800 nm, synthesized by Nakazumi, Yagi and co-workers e Stille-type Pd-catalyzed cross-
coupling reaction [80]. However, squaramides are even easier and simpler to be obtained than squaraines, and
generally expensive and complicated catalytic methodologies are not needed becoming possible the

investigation of a wide variety of novel derivatives even on large scales for industrial application.

3.6. Solvent Effect on Fluorescence Spectroscopy, Solvatochromic effect

It is well-known the effect of the different polarity of the solvents on UV-vis/near-IR absorption spectra
[81,82] and even the solvent dependence of the emission bands in fluorescence spectra, both of them included
in the term solvatochromism, or solvatofluorchromism for the last phenomena and generally, dye molecules
with high conjugation and polarity, especially with intramolecular charge-transfer, exhibit a strong
solvatochromism [82-84]. This way, the emission spectra of the bis- and mono-squaramides were recorded in
six different solvents (acetonitrile (ACN), chloroform, EtOH, hexane, tetrahydrofurane (THF) and toluene
(TOL)) and the photophysical data are represented in Figure 14. It can be noticed that slightly solvatochromism
effects (around 50nm, from 750 to 800 nm) occur for all solvents other than the apolar ones (hexane and

toluene). Particularly, the methoxy-mono-naphtylsquaramide SQ-NPh1 (Figure 13a) exhibits red-shifts with all
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polar solvents due to the possible stronger intermolecular dipole-dipole interactions between the solvent and the
oxygen atom in the methoxy group. In the case of the bis-derivative SQ-NPh2 (Figure 13b) it is noticed that
only in EtOH and THF the larger red-shift to almost 800 nm can be observed, in the other solvents the
solvatochromic effect is much less intense. It can be reported that the literature [82,84,85] cites that EtOH and
THF can form strong hydrogen bond interactions with considerable solvatochromic effects. Since the
determined solid phase structure of the mono- and bis-squaramides (Figures 6 and 9, respectively) present very
intense intermolecular hydrogen bond interactions, the more polar and protic, or hydrogen bond accepting,
solvents can diminish the chromophore aggregation and change the energies in the fluorescence phenomena (as
described elsewhere, for other very efficient NIR fluorophores [6]. This might happen even more intensively for
the methoxy-mono-naphtylsquaramide SQ-NPh1 that can form stronger hydrogen interactions due to the
oxygen atom in the methoxy group. Interestingly, the observed solvatochromism effect indeed indicates
possible intramolecular charge transfer (ICT), but in a much lower level than expected and this can be
explained, especially for the bis-squaramide SQ-NPh2, due to its nonplanar molecular structure, as ever
reported before by Kosower and co-workers [86-89] about the slightly solvent-dependent fluorescence in the
nonplanar molecular system for 6-(arylamino)-2-naphtalene sulfonates. More recently, in 2017, Yang and co-
[90] also noticed that maximal absorption wavelength is essentially independent of the nature of solvent for
some substituted 10-phenyl-spiro-quinolizino-pentaceno-quinolizine-xanthenium chorides due to their

molecular non-planarities and very bulky structures.
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Fig. 13. Fluorescence spectra of a) SQ-NPh1 and b) SQ-NPh2.

4. Conclusions
The present study corroborates that squaric derivatives, electron-acceptor moieties (A), really are useful

building blocks to obtain novel near-infrared fluorophores, since their functionalization with electron-donating
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amines can yield squaramides with a well-known D-A molecular architecture that is suitable for the design of
novel NIR-emitting agents. The novel mono-methoxy-mono-aminonaphthylsquaramide and the corresponding
bis-naphthylsquaramide can be selectively obtained through the condensation of dimethylsquarate in methanol,
with different amine/squarate ratios. The actual molecular structure characterization of the obtained mono-
squaramide was achieved by “*C-NMR, vibrational spectroscopy (IR and Raman), by X-ray crystallography and
by powder diffraction state-of-art. These are the first reported squaramides with fluorescent emissions in NIR,
at 780 nm for the mono-derivative and 800 nm for the bis-derivative. Additionally, these new NIR fluorescent

dyes present quite thermal stability and they might be used as highly stable advanced photochemical material.
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