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We here report the synthesis and characterization of three new molecules based on an unprecedented anthra
[2,3-d]imidazole unit. The new heterocycle was unexpectedly formed while attempting to obtain 2,3-diacetami-
doanthracene by reducing the corresponding anthraquinone molecules by sodium borohydride. The same re-
action was successfully performed using two further different 2,3-diamidoanthraquinone derivatives, thus
confirming its generality. The chemical identity of the novel molecules was also proved by realizing single

crystals suitable for XRD diffraction and solving the crystalline structure of one of the prepared systems. All the
molecules are strong blue emitters in ethanol, with fluorescence quantum yields around 0.40. Because of the
acid-base properties of anthraimidazole ring, the optical response was investigated at different pH values. While
slight differences were observed in acidic conditions, in the alkaline pH range we observed a dramatic change of
the fluorescence spectra in a narrow pH range (from 11 to 13), with the color of the emission turning from blue to
green. This feature makes the new class of derivatives here reported very promising as pH sensors working in

strongly alkaline conditions.

1. Introduction

Anthracene and its derivatives have attracted a great deal of interest
because of their interesting fluorescence properties [1]: several studies
on the use of anthracene derivatives as OLED emitters are reported in the
literature [2-5]; at the same time aromatic hydrocarbon compounds
have been widely investigated as fluorescent sensors, especially for the
detection of metal ions [6-10] and biological molecules [11,12].
Anthracene derivatives are more recently gaining a growing interest as
organic semiconductors [13]: the planar conjugated structure, the
strong intermolecular interactions and the higher solubility and stability
as compared to other linear acenes, made anthracene a useful scaffold
for the synthesis of high-performance organic materials for OFET
[14-16] and OLET [17,18]. Anthracene derivatives are typically real-
ized by functionalizing the ring in position 9,10 (the more reactive sites
towards electrophilic substitution) or in positions 2,6, typically starting
from 2,6-diaminoanthraquinone. Rarer are derivatives in which
anthracene is fused with heterocyclic rings to obtain linear extended

* Corresponding author.

polycyclic heteroaromatic compounds [19-21], this being at variance
with lower analogues like naphthalene and benzene [22-26]. In the
wide realm of possible heterocycles, imidazole appears as a promising
candidate: imidazole ring is ubiquitous in nature and its ability to bond
to metals as a ligand and to form hydrogen bond with drugs and pro-
teins, led to the development of a plethora of new derivatives for ap-
plications in medicinal chemistry [27,28]. In particular, new interesting
molecular systems have been prepared by fusing imidazole with phen-
anthrene moieties, affording promising luminescent materials that have
been efficiently used in OLED [29,30] and in Light Emitting
Electro-chemical cells (LEC) [31-33]. Moreover, an interesting feature
of imidazole unit relies on its basic (pyridine like nitrogen) and acid
(pyrrole like N-H) functionalities: this property have been used to
realized pH-dependent sensors based on phenanthroimidazole de-
rivatives [34-36]. The combination of the fluorescence properties of
anthracene unit with the acid base properties of imidazole ring could
afford interesting pH dependent sensors but, up to date, to our knowl-
edge, linear anthraimidazole derivatives have never been reported. With
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Scheme 1. Serendipitous reaction for the synthesis of unprecedented anthraimidazole derivatives.

the aim of synthesizing 2,3-diaminoanthracene starting from 2,3-dia-
mino-9,10-anthraquinone, we explored the possibility of using a pro-
cedure previously reported in the literature, used for the preparation of
2,6-diaminoanthracene [37]. In that work, 2,6-diaminoanthraquinone
was firstly acylated to obtain the corresponding diamide compound,
and then treated with NaBH4 to reduce anthraquinone to anthracene; a
final hydrolysis led to the desired diamino derivative. We applied the
same procedure to our substrate, 2,3-diaminoanthraquinone, acety-
lating the amino groups and then reacting the diacetamido compound
with NaBHy4. To our surprise, we found that the reaction afforded in a
moderate yield an unprecedented anthra [2,3-d] imidazole derivative,
functionalized in the peripheral carbon of imidazole ring, with a methyl
group (AIM, see Scheme 1).

To assess the generality of the reaction, we repeated it by preparing
and reacting two different dialkylamido derivatives (dibutylamido and
dihexylamido analogues), and the anthraimidazole cycle was again
formed with, respectively, a propyl (AIPr) and a pentyl tail (AIPe). The
chemical identity of the new compounds was confirmed by NMR spec-
troscopy and high-resolution mass spectrometry (HR-MS). All the new
compounds were characterized regarding their absorption and fluores-
cence properties, that resulted in quite similar behaviour. The anthrai-
midazole ring is characterized by acid and basic nitrogen and hence, an
analysis of the dependence of optical properties on pH was performed,
exclusively for what concerns AIM molecule. Moreover, a DFT study of
the electronic properties of AIM has been performed. Finally, structural
properties of AIM molecule were moreover studied in detail: single
crystals of AIM and of its hydrobromide salt (AIMeHBr) were prepared,
and their crystalline structure were solved by means of XRD analysis.

2. Experimental section
2.1. General information

All reagents were purchased with analytical grade and were used
without further purification. 2,3-diaminoanthraquinone (DA-AQ) was
synthesized according to a previously reported paper (NMR spectra in
SI, Figs. S1-S2) [38]. Compounds’ identity was confirmed by Bruker
Avance 400 MHz, NMR spectrometer. 1H NMR and 13C NMR spectra
were recorded by using DMSO-dg solvent and dg-Acetone. FTIR spectra
were recorded dispersing the dye in KBr pellets and using a JASCO FTIR
4700 spectrometer. Differential scanning calorimetric (DSC) analysis
was performed using a Mettler Toledo DSC 3 instrument, under flowing
nitrogen, at 10 Kemin ! scanning rate. UV/Vis and PL spectra were
recorded with a Jasco V750 and Jasco FP-750 spectrophotometers at
200 nm/min scanning speed. Fluorescence quantum yield quantum
yield was calculated by using the quinine sulphate as standard [39].
ESI-IT/TOF spectra were recorded on a Shimadzu LCMS-IT-TOF system
with ESI interface and Shimadzu LC-MS solution Workstation software
for the data. The optimized MS parameters were selected as followed:
CDL (curved desolvation line) temperature 200 °C; the block tempera-
ture 200 °C; the probe temperature 200 °C; detector gain 1.7 kV; probe
voltage +4.5 kV; CDL voltage —15 V. Nitrogen served as nebulizer gas
(flow rate: 1.5 L min’l). Electrochemical characterization was

performed by means of cyclic voltammetry (CV) using a BioLogic sp150
potentiostat. The samples were analyzed in acetonitrile solution in a
three-electrode set-up, with a Au working electrode and a Pt wire
counter-electrode while Ag/AgCl was used as the reference electrode.
Electrolyte consisted in a tetrabutylammonium hexafluorophosphate
0.1 M solution in acetonitrile. CV were conducted at 100 mV/s. The
found potential values were referred to Fc/Fc* acting as internal stan-
dard. Before each measurement, the electrolyte was degassed with
Argon to avoid the presence of oxygen.

2.2. Synthesis

2.2.1. Synthesis of 2,3-diacetamidoanthraquinone (AQ-DA-Ac)

2,3-diaminoanthraquinone (2 g, 8.4 mmol) was suspended in dry
toluene (80 mL) and acetic anhydride (7.67 g, 75 mmol) was added to
the suspension. The reaction was left at reflux for 24 h under nitrogen
flux. Afterwards the mixture was cooled and filtered under vacuum. 1.9
g (5.89 mmol) of a yellowish solid were isolated. Yield 70 %. M. p.
334°C 'H-NMR (DMSO-ds, 400 MHz): 5 2.17 (s, 6H), 7.90 (m, 2H), 8.18
(m, 2H), 8.63 (s, 2H) 11.06 (s, broad, 2H); *C-NMR (100 MHz,
DMSO-dg) & 24.4, 121.8, 127.1, 129.1, 133.7, 134.7, 135.6, 170.1,
182.2. FTIR (KBr, cm™1): v = 3435 (br, N-H), 3246, (w, C-H arom.),
1659 (s, C=0), 1557 (w), 1328 (m), 1237 (m), 712 (m, C-H bending).
Elemental analysis caled for C;gH;6N202: C 73.95, H 5.52, N 9.58,
found: C 74.11, H 5.60, N 9.50.

2.2.2. Synthesis of 2,3-dibutylamidoanthraquinone (AQ-DA-Bw)

2,3-diaminoanthraquinone (2 g, 8.4 mmol) was suspended in dry
toluene (80 mL) and butyric anhydride (11.86 g, 75 mmol) was added to
the suspension. The reaction was left at reflux for 24 h under nitrogen
flux. Afterwards the mixture was cooled and filtered under vacuum. The
obtain solid was washed with methyl alcohol (100 mL) and filtered
again 2.0 g (5.29 mmol) of a yellowish solid were isolated. Yield 63 % M.
p- 240 °C. TH.NMR (DMSO-dg, 400 MHz): 6 0.97 (t, 6H, J = 7.5 Hz),
1.67 (m, 4H), 2.43 (t, 4H, J = 7.5 Hz); 7.91 (m, 2H), 8.19 (m, 2H), 8.54
(s, 2H) 11.06 (s, broad, 2H). '*C-NMR (100 MHz, DMSO-dg) 5 14.1,
18.8, 38.6,122.4,127.2,129.6,133.7,134.8, 135.5, 172.5, 182.1. FTIR
(KBr, cm™): v = 3454 (br, N-H), 3312, (C-H arom.), 2964 (C-H aliph.)
1677 (s, C=0), 1581, 1337, 1247, 707 (m, C-H bending). Elemental
analysis caled for CooH4N202: C 75.83, H 6.94, N 8.04, found: C 75.99,
H 6.85, N 7.98.

2.2.3. Synthesis of 2,3-dihexylamidoanthraquinone (AQ-DA-Hex)
2,3-diaminoanthraquinone (2 g, 8.4 mmol) was suspended in dry
toluene (80 mL) and hexanoic anhydride (16.1 g, 75 mmol) was added
to the suspension. The reaction was left at reflux for 24 h under nitrogen
flux. Afterwards the mixture was cooled to RT and then in an ice water
bath for 30 min. The system was then filtered under vacuum. The obtain
solid was washed with methyl alcohol (100 mL) and filtered again 2.2 g
(5.06 mmol) of a greenish solid were isolated. Yield 60 %. M. p. 226 °C
'H-NMR (DMSO-dg, 400 MHz): & 0.90 (t, 6H, J = 7.5 Hz), 1.34 (m, 8H),
1.65 (m, 4H), 2.45 (t, 4H, J = 7.5 Hz); 7.92 (m, 2H), 8.20 (m, 2H), 8.53
(s, 2H) 11.06 (s, broad, 2H); '*C-NMR (100 MHz, DMSO-ds) 5 14.3,
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Scheme 2. Synthetic procedure for the preparation of the new anthraimidazole derivatives: a) the compound was reacted with the acetic, butyric or hexanoic
anhydride in dry toluene at reflux overnight; b) the diamido compounds were refluxed in isopropanol for 16 h, in a basic environment and using NaBH, (in large

excess) as reducing agent.

22.4, 25.0, 31.4, 36.7,122.4, 127.2, 129.7, 133.7, 134.9, 135.5, 172.7,
182.1. FTIR (KBr, crn’l): v = 3425 (br, N-H), 3254, (C-H arom.), 2950
(C-H aliph.) 1673 (s, C=0), 1573 (m), 1335 (m), 1242 (m), 711 (m, C-H
bending). Elemental analysis caled for CogH3oN2Oo: C 77.19, H 7.97, N
6.92, found: C 77.31, H 7.93, N 6.88.

2.2.4. Synthesis of 2-methyl-1H-anthra [2,3-d]imidazole (AIM)

AQ-DA-Ac (0.820 g, 2.5 mmol) and sodium borohydride (5.7 g, 152
mmol) were mixed in a solution of isopropanol (10 mL) and sodium
hydroxide (1.6 mL, 2 M). The reaction mixture was refluxed 16 h under
nitrogen flux. Then, the green suspension was left cooled and poured in
water (100 mL). The solid was recovered and poured in a solution
diethyl ether (80 mL) and ethanol (40 mL). A greenish solid was filtered
off and the filtrated solution was taken at reduced pressure (in a roto-
evaporator) to remove all the solvent. The obtained solid was recov-
ered by diethyl ether and filtered under vacuum. 483 mg of a yellow
solid (AIM) was obtained. Yield 60 %.

M. p. 288 °C. IH-NMR (500 MHz, DMSO-dg) 6 2.58 (s, 3H); 7.37 (m,
2H); 7.97 (m, 2H); 8.11 (s, 2H); 8.61 (s, 2H); 13C.NMR (125 MHz,
DMSO-dg) 6 15.6, 109.2, 124.6, 125.6, 128.1, 130.0, 158.8. FTIR (KBr,
cmfl): v = 3390 (br, N-H), 1646 (s, C=N), 1537 (m), 1414 (m), 889
(m), 736 (m, C-H bending). Elemental analysis calcd for C1gHp2N3: C
82.73,H5.21, N 12.06, found: C 82.87, H 5.25, N 11.99. HR-MS (ESI-IT-
TOF]I: caled for [C16H1oN2+H] : 233.108; found [M + H']" = 233.107.

2.2.5. Synthesis of 2-propyl-1H-anthra [2,3-d]imidazole (AIPr)

The same procedure used for the synthesis of AIM was employed
with the difference that AQ-DA-Bu was the starting compound. In the
workup of the reaction, a further recrystallization step from ethanol/
water was needed to obtain the pure compound. The yield was 30 %. M
p- 262 °C. H-NMR (500 MHz, DMSO-dg) 6 0.94 (t, 3H, J=7.5Hz), 1.83
(m, 2H), 2.83 (t, 2H, J = 7.5 Hz); 7.33 (m, 2H); 7.95 (m, 2H); 8.09 (s,
2H); 8.59 (s, 2H); 1I3C.NMR (125 MHz, DMSO-dg) & 14.2, 21.0,
31.4105.0, 124.6, 125.6, 128.1, 129.4, 130.0, 162.3. FTIR (KBr, cm™1):
v = 3433 (br, N-H), 2963 (C-H, aliph.), 1645 (s, C=N), 1533, 1419,
881, 737 (C-H bending). Elemental analysis caled for CigHigN2: C
83.04,H6.19, N 10.76, found: C 83.15, H 6.25, N 10.56. HR-MS (ESI-IT-
TOF]: caled for [C1gH6N2+H] ' 261.139; found [M + H']" = 261.137.

2.2.6. Synthesis of 2-pentyl-1H-anthra [2,3-d]imidazole (AIPe)

The same procedure used for the synthesis of AIM was employed
with the difference that AQ-DA-Hex was the starting compound. In the
workup of the reaction, a further recrystallization step from ethanol/
water was needed to obtain the pure compound. The yield was 29 %. M
p-242°C. 1H-NMR (400 MHz, DMSO-dg) 6 0.89 (t, 3H, J = 7.5 Hz), 1.36
(m, 4H), 1.87 (m, 2H), 2.91 (t, 2H, J = 7.5 Hz); 7.38 (m, 2H); 7.99 (m,
2H); 8.10 (s, 2H); 8.64 (s, 2H); 13C.NMR (100 MHz, DMSO-dg) 6 14.3,
22.3, 27.3, 29.5, 31.4105.0, 124.6, 125.6, 128.1, 129.4, 130.0, 162.6.
FTIR (KBr, cm™)): v = 3381 (br, N-H), 2919 (C-H, aliph.), 1646 (s,
C=N), 1533 (m), 1416 (m), 890 (m), 736 (m, C-H) bending). Elemental
analysis caled for CygHgoN2: C 83.30, H 6.99, N 9.71, found: C 83.53, H
6.91, N 9.59 HR-MS (ESI-IT-TOF]: caled for CaoHooNo+HT: 289.170;
found [M + H]* = 289.170.

2.3. DFT studies

All electronic computations have been carried out at the density
functional level of theory (DFT) by using the B3LYP functional, together
with the polarized 6-31 + G (d,p) basis set. That level of computations
should provide reliable results, according to previous works [39,40].
Geometry optimizations and computations of normal coordinates and
harmonic vibrational frequencies were carried out by using the Gaussian
package (G16) [41]. To verify that the stationary points found were real
minima on the potential energy surface, the calculation of the vibra-
tional frequencies was carried out, and no imaginary values were found
in any case. Time-dependent DFT (TDDFT) was employed for treating all
excited states and to obtain the UV-Vis absorption spectra. Solvent
(ethanol) effect has been included in the computation through the
Polarizable Continuum Model (PCM), as implemented in the code
Gaussian 16 [42]. The long alkyl chains were replaced by methyl groups
in all the electronic computations, as routinely done in DFT studies [43].

2.4. X-Ray single crystal analysis

All data for crystal structure determinations were measured on a
Bruker-Nonius KappaCCD diffractometer equipped with Oxford Cryo-
stream 700 apparatus, using graphite mono-chromated MoKa radiation
(0.71073 A). Data were collected at —100 °C. Reduction of data and
semiempirical absorption correction were performed using SADABS
program [44]. The structures were solved by direct methods (SIR97
program) [45] and refined by the full-matrix least-squares method on F2
using SHELXL-2016 program [46] with the aid of the program WinGX
[47]. H atoms bonded to C were generated stereochemically and refined
by the riding model; those bonded to N were found in difference Fourier
maps and their coordinates were refined. To all H atoms, Ujs, equal to
1.2 times Ugq of the carrier atom was given. The analysis of the crystal
packing was performed using the program Mercury [48].

3. Results and discussion
3.1. Synthesis

The starting compound for the synthesis of the new molecules was a
commercial 2-aminoanthraquinone that, following a reported proced-
ure, was transformed in three reaction steps to 2,3-diaminoanthraqui-
none AQ-DA [38]. We aimed to use AQ-DA as a precursor to prepare
2,3-diaminoanthracene, following a procedure described in a previous
paper: this procedure consisted of the acylation of AQ-DA to obtain the
diamido derivative, a reduction of anthraquinone to anthracene by using
NaBH4 and a final hydrolysis of the amido groups in basic conditions
[37]. We therefore prepared AQ-DA-Ac (see Scheme 2) by treating
AQ-DA with acetic anhydride in dry toluene. The diacetamido deriva-
tive was then reacted in isopropanol in a reducing environment, because
of the presence of a large excess of NaBHy, to obtain the corresponding 2,
3-diacetamido anthracene compound. Surprisingly, the major product of
the reaction was not the one expected but, as determined by a combined
'H-NMR-Mass spectroscopy analysis, a new anthra [2,3-d]imidazole
derivative: to our knowledge, this heterocycle has never been reported
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Fig. 1. Absorption spectrum of AIM in ethanol; in the inset, the vibronic
structure of the peak at higher wavelength is shown.

in the literature. In Fig. S9 TH-NMR spectrum of AIM (in DMSO-dp) is
shown: the aromatic zone of the spectrum is composed of four signals
and a further singlet at 2.6 ppm: the latter integrates 1.5 five times each
of the aromatic signals, so that the NMR spectrum cannot be assigned to
the expected diacetamido compound (in that case, a 3/1 ratio should be
observed). The spectrum is instead consistent with the structure pro-
posed for AIM and the symmetric pattern obtained suggest that, in
DMSO solution, the acidic proton of imidazole cycle is rapidly
exchanged between the two nitrogens.

Mass spectrometry further confirms the chemical structure of AIM
(see Fig. S11 in supporting information). The mechanistic hypothesis is
shown in Scheme 3: we propose that diacetamido anthracene compound
is initially formed (we manage to isolate it during the workout of the
reaction, see Fig. 525); this derivative is then mono-hydrolysed in the
strongly basic environment where the reaction takes place. Then a
nucleophilic addition of the free amino group to the carbonyl group of
the second acetamido group takes place, determining ring closure; loss
of a water molecule finally afforded the anthraimidazole unit,

Table 1
Optical properties of the synthesized molecules in ethanol solution.

Table 2
Optical properties of AIM under different pH conditions.
Solution® Avax 22 (nm) Avax <™ (nm) Peak area®
pH2 261/364/377/398/422 437/461° 2576
pPH3 261/364/377/398/422 437/461° 2506
pH 4 261/366/378/400/424 430/457/486° 2617
pH7 261/366/378/400/424 430/457/486° 3043
pH 11 261/366/378/400/424 430/457/486° 3324
pH 12 262/366/373/400/424/451 430/457/489¢ 2542
pH 13 271/373/400/425/451 516 2887
—— Absorption
—— Emission
>
=
7
] c
2 2
3 £ 3
[ c
? s <
2 7]
< N]
IS
1]
' T i T i T y T i T i
300 350 400 450 500 550 600

Wavelength (nm)

Fig. 2. Absorption (black line) and emission spectra (blue line) for AIM in
ethanol solution.

substituted in position 1 with a methyl group. Indeed, in a recent work
regarding the synthesis of 1-alkyl naphto [2-3,d]imidazole, a similar
mechanism was hypothesized to explain the formation of the hetero-
cycle and could validate the one here proposed [25]. The reaction
proceeded with a satisfactorily yield of 60 %. To assess the generality of
the reaction, we reacted DA-AQ with two further acid anhydrides,

M (nm)/e; (M~'em™)? Az (nm)/ez (M~ 'em ™)

A3 (nm)/e3 (M~ 'em ™)

A (nm)/es (M'em™) ks (nm)/es M 'em ™) Agw(nm)® @fy,

377/3.9¢10°
378/4.0010°
378/3.9¢10°

366/5.0010°
367/5.5010°
367/5.2010°

AIM 261/1.2010°
AlIPr 262/1.2010°
AlPe 262/1.1010°

424/6.3010°
425/6.110°
425/5.7010°

399/6.110°
400/6.0010°
400/5.8010°

429/457/486 0.41
430/458/487 0.40
430/458/487 0.40

a) Measured in ethanol solution; b) excitation wavelength: 367 nm; c) Fluorescence quantum yield, measured using quinine sulphate as standard [49].
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Fig. 4. (a) Absorption spectra of AIM in ethanol/water solutions (9/1 v/v) at different acid pH values. (b) Emission spectra of AIM in ethanol/water solutions (9/1 v/

v) at different acid pH values.

bearing longer organic residues, obtaining AQ-DA-Bu and AQ-DA-Hex
compounds. Also in these cases, the reaction with sodium borohydride
afforded the anthrimidazole molecules (AIPr and AIPe), as determined
by NMR (see Figs. S12-513-S15-S16) and HR-MS analysis (see
Figs. §14-S17), even though the higher solubility made necessary a
further step of purification (by crystallization in ethanol/water) that
reduced the yield to about 30 %.

3.2. Optical properties

The synthesized molecules were characterized regarding their opti-
cal absorption and fluorescence in ethanol solution. As expected, the
three molecules show very similar optical behaviour; hence, we decided
to focus the discussion on AIM molecule. Optical absorption spectrum
for AIM is shown in Fig. 1 (optical absorption spectra of AIPr and AIPe
are instead reported in Fig. S18): it is characterized by two main optical
features, one more intense at 263 nm (¢ higher than 1.1e10° M lem™)
and the second, at around 400 nm, featuring the typical vibronic

Absorbance

structure of anthracene unit. Optical absorption properties are summa-
rized in Table 1.

The same molecules were then characterized for what concerns their
fluorescence properties as shown in Fig. 2 for AIM (and in Fig. S19 for
AIPr and AIPe): upon excitation at 367 nm, the three molecules display
a blue-colored emission, presenting a well-structured emission peak
centered at around 460 nm. An interesting fluorescent quantum yield
around 0.4 was measured by relative method, using quinine sulphate as
standard Table 2.

The imidazole ring endowed the new anthraimidazole molecule with
basic and acid functionalities as shown in Fig. 3, in fact, the pyridine-like
basic nitrogen and a pyrrole-like acid N-H of AIM are involved in acid-
base equilibria (see Fig. 3). To explore the possible use of the new de-
rivatives as pH sensors, we thus investigated the optical behaviour of
AIM under different pH conditions.

To investigate the optical behaviour in acid environment, AIM was
solved in a mixture of ethyl alcohol and water (9/1 v/v ratio) containing
HCI at three different concentrations, to achieve, respectively pH values

(b)
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Fig. 5. (a) Absorption spectra of AIM in ethanol/water solutions (9/1 v/v) at different basic pH values. (b) Emission spectra of AIM in ethanol/water solutions (9/1

v/v) at different basic pH values.
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of 2, 3 and 4. Optical absorption spectra of these three solutions are
shown in Fig. 4a and compared with the spectrum of AIM dissolved in an
aqueous ethanol solution of the same composition (9/1) but without any
HCI (pH 7). In all the solution, AIM concentration was the same (11072
M). As highlighted in the inset of Fig. 4a, optical absorption at pH 4 is
virtually identical to that at pH 7, while at lower pH (3 and 2) a slight
blue shift of the peaks at lower energy is observed. We deduced that
below pH 4 the imidazolium form (AIMH', see Fig. 3) is prevalently
present in the solution. Some differences can be observed in the emission
spectra as well, as shown in Fig. 4b: below pH 4, emission becomes less
structured and broader, and the emission wavelengths are slightly red
shifted. By comparing the integrated area of the emission peaks, the
fluorescence quantum yield in passing from the neutral to protonated
form displays a 20 % decrease.

For what concerns the study of the optical behaviour in basic con-
ditions, AIM was dissolved in an ethanol/water solution containing KOH
at three different concentrations, so that the pH values were, respec-
tively, 11, 12 and 13. Optical absorption spectra of these three solutions
are shown in Fig. 5a and compared with the spectrum of AIM dissolved
in an aqueous ethanol solution of the same composition (9/1) but
without any KOH (pH 7). Once again, AIM concentrations were kept, in
the different solutions, to the same value of 1¢10™> M. In basic envi-
ronment, more significant differences emerge. As highlighted in the
insert of Fig. 5a, while at pH 11 the optical spectrum does not differ from
that at pH 7, at higher pH values a new band at 450 nm appears and
becomes more significant as the pH increases. The new band can be
associated to the formation of the deprotonated form of AIM (AIM,
imidazolate derivative) that, at pH 13, can be considered the prevalent
species in solution. This behaviour seems to be consistent with the pK,
value reported for benzimidazole (pK, for the neutral form of benz-
imidazole is reported to be 12.8) [50]. Because of the new band in the
visible region, the color of the solutions at pH 13 becomes more neatly
yellow. The same solutions were then studied regarding their fluores-
cence response, as shown in Fig. 5b. We can observe a dramatic change
of the emission spectrum when the imidazolate form becomes prevalent,
at pH 13: The addition of the base clearly modifies the emission spec-
trum: the spectrum becomes in fact featureless, with a unique broad
peak centered at 516 nm. At pH 11 instead, the emission spectrum looks
similar to that at pH 7, while at pH 12 an intermediate situation occurs,
with a shoulder appearing at about 510 nm. Hence, the color emission
sharply turns from blue to green in passing from pH11 to pH13: in this
pH range it is evident that the emission at around 430 nm turns off,
while it turns on at 516 nm. Interestingly, photoluminescent quantum
yield in the deprotonated form of AIM (pH 13) is still strong, reducing by
only 20 % as compared to the neutral form, as can be deduced from
integrating the emission peaks at the different pH values. AIM hence
proves to be a very alkaline pH sensor, able to clearly highlight pH
change in a very narrow range. This optical behaviour is undoubtedly
interesting, because pH sensors working in strong alkaline environments
have rarely been reported in the literature [26,51,52] while it is known
that this ability is highly required in several fields such as leather pro-
cessing, wastewater treatment, paper industry, and metal mining and
finishing [26].

a) Ethanol/water 9/1 solution, containing HCl (acid pH) or KOH (basic
pH); b) excitation wavelength: 364 nm; b) excitation wavelength:
366 nm; d) excitation wavelength: 373 nm; e) integrated area of the
emission peak.

3.3. DFT study

To get more information about the electronic structure of the syn-
thesized dye, we have performed a computational analysis at the
B3LYP/6-31 + G (d,p) level, including solvent effects (ethanol) through
the polarizable continuum model. As commonly done in this kind of
studies, the side alkyl chains have been modelled as a methyl group
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Table 3
Computed electronic and optical properties of the synthesized dye.
Dye Mabsmax 1 (GS) j (ES) HOMO LUMO
(nm) (Debye) (Debye) (eV) (eV)
AIM 267 2.53 5.64 5.85 —5.26 -2.07
AIMH™* 267 2.24 46.2 46.5 —5.81 —2.70
AIM™ 287 2.23 39.2 39.2 —4.52 —-1.58
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Fig. 6. Ciclovoltammetry plot of AIM in acetonitrile solution.

[40], since side chains are expected not to impact electronic properties
[43]; this means that we have focused on AIM derivative only, in its
neutral, basic (AIM") and acidic (AIMH™) forms. The molecules have
been optimized in their minimal energy structure, where they show a
planar conformation. The predicted absorption spectra are reported in
Supporting Information (Figs. S26-28). Wavelengths, energy, and
oscillator strengths between ground state orbitals to the excited state are
reported in Table S1. The theoretical spectrum in the fifty-excitation
range explored by TD-DFT is made up of three principal bands, the
highest one basically corresponding to a combination of HOMO - >
LUMO+1 and HOMO - > LUMO+2 transition (see Table S1). A good
qualitative accord with experimental behaviour (Fig. 1) is observed: the
most intense optical transition, as well as the optical transitions in the
visible range (as shown in Table S1), are red shifted for AIM™ as
compared to neutral and acidic form of the molecule. In Table 3 we
report information about the main transitions as well as dipole moments
of the ground state and of the first excited state, HOMO and LUMO
energies. The former are in good agreement with the experiment, thus
validating the calculation and the choice of the density functional used.

AIM shows a negligible increase in the overall dipole moment value
when passing from ground to excited state. The density distribution of
the orbitals involved in the main transitions visible in the UV spectra, i.e.
HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and LUMO+2 for AIM is
shown in Fig. S29.

3.4. Electrochemical characterization

AIM molecule was electrochemically characterized by means of cy-
clic voltammetry (CV). The experiments were carried out in acetonitrile
solution in inert environment. This kind of experiment provide useful
information about the energies of frontier’s molecular orbitals that can
be related to oxidation (HOMO) and reduction (LUMO) potential of the
investigated molecule, information that is of great importance in view of
possible optoelectronic applications. CV graph is shown in Fig. 6.

The oxidation scan shows two peaks, the first irreversible and the
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second quasi reversible. From the onset of the irreversible oxidation
peak it is possible to determine HOMO energy of the molecule by
applying the following equation [53].

Enomo = — (EX +5.1)(eV)

Where EJX,. represents the onset of oxidation potential (measured vs
ferrocenium/ferrocenium oxidation potential). This equation is typi-
cally used when oxidation peak is irreversible as in the present case.
HOMO energy of — 5.39 eV is obtained that is consistent with the
calculated value of —5.26 eV. It was not possible to measure LUMO
electrochemically because the reduction potential of AIM lies (as also
the DFT computation suggest) outside the accessible potential window
of the solvent.

3.5. Crystal structure

Dark green lozenge crystals of AIM were grown from slow evapo-
ration of 1 mL of ethanol solution at room temperature in 2 days. AIM
crystallizes in the orthorhombic space group Pbca with Z = 8 (Fig. 7).
The molecular backbone of the molecule is planar as it is typical for
aromatic fused ring molecules.

Infinite ribbons of AIM molecules, almost perpendicular (72.04°) to
each other, are held together by strong hydrogen bonding interactions
between N1-H1---N2 (1.986 (2) 10\) along the a axis (Fig. 8A). In this
way, molecules are arranged in the crystal in a zig-zag fashioned motif
with a stacking distance of two consecutive layers of 3.513 (2) A
(Fig. 8B). The angles and bond distances are in good agreement with the
isostructural 2-methyl-1H-naphtoimidazole [25].

We also successfully solved the crystal structure of the protonated
AIM with Bromide counterion (Fig. 9). Red needle-shaped crystals of
AIM-HBr were grown by slow evaporation of 1 mL of ethanolic solution
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of AIM and 5 drops of 48 % hydrobromic acid solution at room tem-
perature in five days. AIM-HBr crystallizes in the monoclinic space
group with Z = 1.

The protonation of the molecular backbone occurs on the N2 atom of
the imidazole ring. In this way infinite ribbons of AIM™ molecules ori-
ented in head-tail motif along the b axis are held together by strong
hydrogen bonds between the bromide counterions that act as bifurcated
acceptor, as depicted in Fig. 10a (N1-H1---Brl 2.357 (3) A N1-H2A ...
Brl 2.411 (4) A). Along the a axis the molecules are arranged in an off-
set stacking (Fig. 10b) with shorter distance of the two layers than AIM
crystal structure (3.387 (4) 10\). The crystallographic data of both the
crystal structures are reported in Tables S1-S2.

AIM and AIM-HBr crystal structure were deposited with the follow
CCDC numbers 2339947, 2,339,953.

4. Conclusions

We reported in this paper the synthesis of three new molecules based
on an unprecedented anthra [2,3-d]imidazole heterocycle. The new
heterocycle unit has been serendipitously obtained while trying to
reduce a 2,3-diamidoanthraquinone derivative to its anthracene
analogue: we observed that, after the reduction, hydrolysis and cycli-
zation occurred, affording the unexpected heterocycle. The chemical
identity of the new molecules has been confirmed by a combined NMR
and MS analysis. For one of the molecules, AIM, a DFT study has been

Br1

Fig. 9. AIM-HBr crystal structure. Ellipsoids are drawn at 50 % of probabil-
ity level.

Fig. 8. Crystal packing of AIM crystal structure. A) Hydrogen bonding pattern in dashed black lines. B) View along an axis.
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(b)

Fig. 10. Crystal packing of AIM-HBr. View along an axis: a) Hydrogen bonding pattern in dashed black lines. b) Off-set stacking visualization, H atoms are omitted

for clarity.

performed, and single crystals suitable for XRD analysis were obtained
and the structure solved, definitively proving the formation of the new
unit. The fused heterocycle is, as expected, planar and crystal packing is
characterized by infinite ribbons of AIM molecules held together by
strong hydrogen bonding interactions involving the two different types
of nitrogen on imidazole ring and arranged to form a zig-zag motif. The
anthraimidazole cycle is characterized, on the imidazole ring, by acid
(pyrrole-like NH) and basic (pyridine-like N) functionalities. We manage
to obtain single crystals of a hydrobromide derivative of AIM, and its
crystal structure as well was solved by means of XRD. All the new
molecules were characterized regarding optical properties: all of them
present a strong blue emission in ethanol solution, with a fluorescence
quantum yield around 0.40. Moreover, the optical response of AIM
molecule at different pH was investigated. A slight change in both op-
tical absorption and emission spectra was observed at pH lower than 4,
where the molecule is prevalently in its protonated form. More signifi-
cant variations appear instead at basic pH: a new absorption band ap-
pears when pH 12 that became more intense at pH13, where AIM exists
prevalently in its deprotonated form. The differences are even more
significant for what concerns fluorescence properties: in passing from
pH 11 (where the neutral form of AIM is still prevalent) to pH 13, the
emission spectrum is significantly red-shifted and the color turns from
blue to green. Moreover, fluorescence quantum yield diminishes only
slightly in passing from the neutral to the deprotonated form. The
peculiar optical properties at high pH values makes the new class of
derivatives here reported very promising in the field of pH sensors
working under very alkaline conditions.

Supporting information

'H NMR, !3C NMR, FTIR, ESI-IT-TOF Mass spectra, and DSC ther-
mograms as well as crystallographic data of AIM and AIM-HBr can be
found in Supporting Information. Predicted absorption spectra of AIM in
its neutral, basic and protonated forms and the electron density distri-
bution of the orbitals involved in the main optical transistion are also
reported in the Supporting Information.
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