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HIGHLIGHTS

e Schiff base compounds derived from 5-
amino-1,10-phenanthroline were
synthesized.

e Crystal structure of compound 1 was
determined by single crystal XRD study.

e The sensor properties against nitro-
aromatic compounds were investigated.

e Compound 3 showed selective sensing
properties for 1,3,5-trinitrophenol.

e Contour diagrams of HOMO/LUMO,
non-linear optical (NLO) and OLED
properties were investigated by compu-
tational studies.
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ABSTRACT

In this study, Schiff base compounds (1-5) were synthesized by the reaction of 5-amino-1,10-phenanthroline
with various aldehydes. The molecular structures of the synthesized compounds were characterized by FT-IR,
1H/'3C NMR and mass spectroscopic methods. Single crystals of 1 were obtained and their molecular struc-
tures in crystalline form were determined by single crystal X-ray diffraction study. The sensor properties of the
synthesized compounds against nitroaromatic compounds [nitrobenzene (NB), 4-nitrophenol (NP), 2,4-dintro-
phenol (DNP) and 1,3,5-trinitrophenol (TNP)] were investigated by fluorescence spectroscopy. Compound 3
have highest sensitivity for the sensing of 1,3,5-trinitrophenol (TNP) (Ksv: 4.63 x 10* M’l) with LOD of 4.01 uM
while compound 5 showed the highest sensitivity for 2,4-dinitrophenol (DNP) (Ksv: 5.71 x 10* M~1) with LOD of
4.75 uM. In addition, the structural parameters (bond angles/lengths), contour diagrams of HOMO/LUMO
molecular orbitals, molecular electrostatic potential (MEP) maps, non-linear optical (NLO) and OLED properties
were investigated by computational studies. According to the HOMO and LUMO energies, the NLO property of
the molecule (5) is higher than both other molecules and the reference substance urea.
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Fig. 1. Phenanthroline based imine compounds 1-5.

1. Introduction

Detection of nitro aromatic compounds (NAC) has been one of the
research areas that has attracted attention due to their toxicity and
explosive nature [1,2]. The detection of nitroaromatic compounds such
as 2,4,6-trinitrotoluene (TNT), 2,4,6-trinitrophenol (TNP) has received
special attention due to their explosive nature as well as adverse health
problems such as allergies, diarrhoea and neurological disorders [3,4].
In addition, 2,4,6-trinitrophenol (TNP), which has a wide range of ap-
plications in the pharmaceutical and paint industries, causes ground-
water and soil pollution due to its water solubility due to its acidic
character [5,6]. A wide variety of detection methods have been devel-
oped to detect nitroaromatic compounds due to both environmental and
safety threats [7,8]. Various techniques such as chromatography,
membrane electrode technique and spectrophotometric techniques have
been investigated for the selective and sensitive detection of nitro-
aromatic compounds [9]. Methods other than spectrophotometric
methods do not have real field applications, are costly and difficult to
use [9-11]. In recent years, fluorescence detection, which is a spectro-
photometric method, has been applied as an advantageous alternative
method in many fields such as biology, pharmacology and environ-
mental sciences [12-15].

Nitroaromatics are considered as nonfluorescent compounds due to
the short lifetime of their first singlet excited states [16]. Moreover,
fluorescence up-conversion experiments have shown that the rate of
fluorescence extinction of nitroaromatic compounds belongs to the
femtosecond or picosecond regime [16]. Molecular design is very
important in obtaining a selective and sensitive chemosensor [17,18].
Since nitroaromatic compounds contain nitro group, they are electron
deficient, and therefore, designing electron-rich molecules facilitates
detection of these compounds through better interaction [19,20].
Therefore, polymers with high n-electron conjugation and monomer
structures containing polyaromatic groups have been widely used as
fluorescence probes in the detection of nitroaromatic compounds [21].
Polyaromatic compounds containing groups such as pyrene, anthracene,
naphthalene or phenanthrene in their structures showed significant
sensitivity and selectivity in the detection of nitroaromatics [22,23].

In continuance of our interest in fluorescence sensing of nitro-
aromatic compounds, we prepared five Schiff base compounds (Fig. 1)
derived from 5-amino-1,10-phenanthroline and aldehyde derivatives
(1-5). The synthesized compounds were characterized by spectroscopic
and analytical methods. Crystal structure of compound (1) was deter-
mined by single crystal XRD study. Synthesized phenanthroline based

compounds were used as fluorescence probes for the sensing of nitro-
aromatic compounds [Nitrobenzene (NB), 4-nitrophenol (NP), 2,4-dini-
trophenol (DNP) and 1,3,5-trinitrophenol (TNP)] were studied in
solution.

2. Experimental

All reagents and solvents were of reagent-grade quality and obtained
from commercial suppliers (Aldrich or Merck). 5-Nitro-1,10-phenan-
throline and 5-amino-1,10-phenanthroline compounds were prepared
according to the reported procedures [24].The structural characteriza-
tion data are provided in the supplementary documents. Elemental an-
alyses (C, H and N) were performed using a LECO CHNS 932. FTIR
spectra were obtained using KBr disc (4000-400 cm ) on a Perkin
Elmer Spectrum 400 FT-IR and FTIR spectra of the compounds are
provided in the supplementary documents (Figs. S1-S7). The electronic
spectra in the 200-900 nm range were obtained on a Perkin Elmer
Lambda 45 spectrophotometer. 'H and '3C NMR spectra in CDCl; or
DMSO-dg were recorded on a Bruker 400 MHz instrument (Figs. S8-
§13). TMS was used as internal standard. Mass spectra of the ligands
were recorded on a LC/MS APCI AGILENT 1100 MSD spectrophotom-
eter (Figs. S14-S19).

2.1. Synthesis of phenanthroline-imine compounds (1-5)

Compounds (1-5) were synthesized according to the reported pro-
cedure [25]. 5-Amino-1,10-phenanthroline (0.8 g, 4 mmol) was dis-
solved in ethanol (10 mL) by heating. The aldehyde compounds (4
mmol) in ethanol (15 mL) were added dropwise to above solution fol-
lowed by addition of glacial acetic acid (1-2 drops). The solution color
changed from yellow to orange-brown with the addition of aldehyde.
The resulting solutions were refluxed for 8 h. The progress of the re-
actions was followed by TLC. After the reactions were complete, the
mixtures were cooled to the room temperature. The solvent was
removed until the solution volume was 10 mL. The precipitates were
filtered and dried in air.

2.2. X-ray crystallography

Single crystals of compound 1 were obtained and single crystal X-ray
were collected on Agilent Supernova X-ray single crystal diffractometer.
SHELXT 2018/2 and SHELXL-2018/3 programs were used to solve and
refine the data[26]. The structure was solved by direct methods and



A. Kose et al.

Table 1
X-ray crystallographic data for compound 1.
Empirical formula CooH14N30,Cl3
Formula weight 434.69
Temperature/K 298.0
Crystal system Monoclinic
Space group P2;/c
a/A 8.9509(3)
b/A 13.2675(4)
c/A 16.8664(7)
a/° 920
B/ 92.847(4)
v/° 90
Volume/A® 2000.51(12)
Z 4
Crystal size/mm?® 0.18 x 0.12 x 0.08
Radiation MoKa (A = 0.71073)
Reflections collected 9560

Independent reflections 4559 [Rin; = 0.0232, Reigma = 0.0419]
Final R indexes [I>=2¢ ()] R; = 0.0917, wR, = 0.2831
Final R indexes [all data] R; = 0.1365, wR, = 0.3308

CCDC 2176855

refined on F? using all reflections [9]. All non-hydrogen atoms were
refined with anisotropic atomic displacement parameters. Hydrogen
atoms bonded to carbon and oxygen atoms are placed in the calculated
positions. The X-ray crystallographic data are given in Table 1.

2.3. Chemosensing studies against nitro-aromatic compounds

The chemosensory properties of the synthesized compounds against
nitroaromatic compounds were investigated by fluorescence spectros-
copy. For this purpose, DMSO solutions of nitroaromatic compounds
were gradually added to the DMSO solution of the synthesized com-
pounds (by keeping the concentration constant). The emission spectra of
the mixtures obtained were taken at the excitation wavelength of the
relevant compound and fluorimetric titration was performed. Nitro-
benzene (NB), 4-nitrophenol (NP), 2,4-dinitrophenol (DNP) and 1,3,5-
trinitrophenol (TNP) were chosen as nitroaromatic compounds. In
order to determine the fluorimetric chemosensory activity of the syn-
thesized compounds, the fluorescence quenching constants were ob-
tained using the Stern-Volmer equation [27] given below.

10/1 = 1+Ks\/[A]

Here; Iy is the fluorescence intensity of the free compound, I is the
fluorescence intensity obtained by adding nitroaromatic, the concen-
tration of [A] nitroaromatic compound and Ky is the quenching con-
stant. The quenching constant K, is obtained from the slope of the line
obtained from the counterplot [A] of Iy/I. The resulting damping con-
stant is a measure of sensitivity. Limit of detection (LOD) for sensing of
nitroaromatics were determined by the following equation.

LOD = 3c6/k (6 : standard, k : slope).

2.4. Computational procedures

The 3D structures of compounds 1-5 were drawn with the program
GaussView 6.0.0 [19]. All calculations in the manuscript have been
optimized in the gas phase with the Gaussian 09: AS64L-G09RevD.0
program [28] and B3LYP/6-31G(d) level was used for the respective
calculations. The energy of the frontier molecular orbitals Equations (1)-
(3) are used [29].

I = — Enono (@)
A= —Erumo 2
AE = Erymo — Enomo 3)

To predict the NLO properties, the total static dipole moment (),
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average polarizability («), polarizability anisotropy (Aa) and total static
first hyperpolarizability (f) of compounds 1-5 are equations (4)-(7) is
calculated from [30].

%

=2+ +02) @
a= % (aw +ay +a) 5)
1 2 2 2 2 2 21"
Aa = ﬁ[(an —ay)” + (ay —az) + (az —ax)’ +6a%, + 6a3, + 6a"‘z]
©
¥
BB+ By +B) + By + P+ B) + (B + B +5,,)° |
(7)

OLED properties are determined using the Marcus theory. The elec-
tron (Ae) and hole (Ah) reorganization energies of chemical species are
determined by Marcus theory. The relation given by Equations (8)-(9) is
found from the neutral, cationic and anionic single point energy of the
compounds. In addition to this, a series of single point energies are
calculated. [31,32].

de = (Ey —EZ) + (B — Ey) ®

= (B — )+ (B2 — EY) ©

Where E{ and E; are the energies of the cation and anion of neutral
molecule. Ef and E_ are the energies of the cation and anion obtained
from cation and anion. E° and E° are the energy of the neutral molecule
calculated at the cationic and anionic state. Ej is the energy of the
neutral molecule at the ground state.

Another parameter are adiabatic/vertical ionization potentials (IPa/
IPv) and adiabatic/vertical electron affinities (EAa/EAv) [33]. These
parameters are obtained from Equation (11)-(14).

IPa=Ef —E 10
IPv=E; —E an
EAa=E)—E- 12)
EAv=E) —E, 13)

Here E; and EJ are the energy of the re-optimized anion (cation). E-
(E?) is the energy of the anion (cation) calculated with the optimized
anion (cation) structure, E® (Eﬂ) is the energy of the neutral molecule
calculated at the anionic (cationic) state. In addition, EJ is defined as the
energy of the neutral molecule at the ground state [34].

3. Results and discussion

In this work, five Schiff base compounds 1-5 derived from 5-amino-
1,10-phenanthroline and aldehyde compounds were prepared by
condensation reactions. The structure of the compounds was charac-
terized by FT-IR, 'H/!3C NMR, mass spectroscopies and elemental
analysis. The compounds were obtained in high yield and purity. All
compounds are soluble in common organic solvents such as methanol,
ethanol, chloroform, DMF and DMSO and not soluble in water. The
elemental analysis data of the compounds are in good agreement with
the proposed structure of the compounds.

FTIR spectra of the compounds were taken and the characteristic
stretching peaks were investigated. In the spectrum of starting 5-amino-
1,10-phenanthroline, the peaks observed in the spectrum of the com-
pound at 1633, 1610, 1595 cm~! were attributed to the v(N-H),
V(C=Nphenanthroline) and v(C=C) bond stretching’s, respectively. When
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Fig. 2. Molecular structure of compound 1 (thermal ellipsoid with 50% probability).

the FTIR spectra of Schiff base compounds (1-5) were examined, it was
observed that the peak originating from the free amino group v(NHy) in
the starting material disappeared. Instead, a new sharp peak in the range
of 1599-1633 cm ™! are due to the imine bond stretching’s V(C=Nimine)
confirming the formation of Schiff base compounds. The broad bands
observed in the spectrum of compound (1) in the range of 3300-3500
em! are due to the phenolic groups v(O-H). The U(C=Nphenanthroline
stretching peak in the spectra of the compounds were observed in the
range of 1563-1595 cm ™. The FTIR spectra of the compounds are
provided in the supplementary documents.

The ESI-Q-TOF mass spectra of the compounds were taken in
methanol. The mass spectral data for the compounds are given in the
supplementary documents. When the mass spectra of the Schiff base
compounds were examined, molecular ion peaks [M+H]" or [M+Na] ™"
were observed with high the relative abundance values. The ESI-Q-TOF
mass spectra of the compounds are provided in the supplementary
documents.

3.1. NMR spectra

The 'H/*3C NMR spectra of the starting 5-Amino-1,10-phenanthro-
line and its Schiff base derivatives 1-5 were taken in CDCl3 or
DMSO-dg in order to make structural characterizations of the synthe-
sized compounds and to detect the absence of organic impurities in the
structures. 'H/!'3C NMR data of the compounds are given in the sup-
plementary document. NMR spectra of the compounds are provided in
the supplementary documents. In the 'H NMR spectrum of 5-amino-
1,10-phenanthroline, doublet signals due to the aromatic protons were
observed at 9.21, 8.96, 8.29 and 8.00 ppm. In the spectrum of the
compound, a triplet signal at 7.52 a singlet signal at 6.94 ppm was also
observed. The 'H NMR spectral data of 5-amino-1,10-phenanthroline is
in good agreement with reported values. A broad peak observed at 4.29
in the spectrum of the compound is assigned to the free -NHy group
protons. When the 'H NMR spectra of Schiff base compounds 1-5 were
examined, the proton (CH=N) of the imine bond was observed as singlet
signal in the range of 9.15-9.35 ppm. The phenolic group protons of

Fig. 3. a) Hydrogen bond chain in structure of 1. b) n-n stacking interactions in 1.
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compound 1 were observed as broad bands at 12.36 and 10.27 ppm. A
broad signal observed at 12.06 ppm in compound 4 was due to the -NH-
proton in the pyrrole ring. In the spectra of compounds 1-4, aromatic
proton signals in the phenanthroline, thiophene, pyrrole and furan rings
were observed as multiple peaks in the range of 9.05-6.30 ppm. In the
'H NMR spectrum of compound 5, the aromatic proton signals in the
anthracene and phenanthroline rings in the structure were mostly
observed as overlapped multiplets. A singlet signal at 9.37 ppm was
assigned to the proton of anthracene group in the para-position with
respect to the imine bond. The singlet peak observed at 9.35 ppm in the
spectrum of the compound originated from the imine bond (CH=N)
proton. The number of proton atoms in the structure of all synthesized
compounds is compatible with the integration values of the signals
observed and no significant organic impurities was observed in the
compounds.

In the 3C NMR spectra of the 5-amino-1,10-phenanthroline, twelve
aromatic carbon atom signals were observed in the range of
150.07-105.51 ppm and '°C signals of the compound are compatible
with its structure. In the spectra of the Schiff base compounds 1-5, a
carbon atom signal due to the imine bond (C=N) carbon atom was
observed in the range of 165-155 ppm. Aromatic carbon atoms in the
Schiff base compounds were observed in the range of 150.79-102.02
ppm. The number of carbon atom signals observed in the spectra of all
Schiff base compounds are consistent with their proposed structures.

3.2. Molecular structure of compound 1

Single crystals of Schiff base compound 1 were obtained by slow
evaporation in chloroform solution. Single crystal X-ray diffraction data
of the compound were collected and the molecular structure in solid
form was solved. The molecular structure of the compound is given in
Fig. 2. According to X-ray data, there is one chloroform solvent molecule
per Schiff base molecule in the crystal lattice of the compound and thus
the asymmetric unit contains a Schiff base compound 1 and a chloro-
form solvent. The crystal structure of the compound is solved in the
monoclinic unit cell and the P21/c space group. In the compound, the
1-10-phenanthroline and dihydroxybenzene units are linked by imine
bond. The length of the imine bond (N3-C13) is 1.277(5) A and has the
character of a C=N double bond. In addition, the C-O bond length for the
hydroxyl (-O1H) group, which is in the ortho position with respect to the
azomethine bond in the benzene ring, is 1.352(4)10\ and has the char-
acteristic C-O single bond distance. According to the data obtained from
X-ray diffraction study, it was determined that the compound crystal-
lized in phenol-imine tautomeric form.

A bending angle of 60.68° was observed between the approximately
planar phenanthroline and phenol units in the compound. As expected,
the compound has a phenol-imine (O1-H-:-- N3) intramolecular
hydrogen bond. The second phenolic group (-O2H) in the molecule in-
volves in a bifurcated intermolecular hydrogen bond with the phenan-
throline nitrogen atoms of a neighbouring molecule (Fig. 3a). These
intermolecular hydrogen bonds have formed a one-dimensional
hydrogen bond chain. In addition, the planar phenanthroline ring in
the compound entered into head-tail type n-r interaction with the same
group in the neighbouring molecule (Fig. 3b). The observed intermo-
lecular hydrogen bonds and n-r interactions formed a two-dimensional
supramolecular structure. Solvent molecules are located in the lattice
spaces formed in this supramolecular structure (Fig. S20). In addition,
the hydrogen atom of each chloroform solvent molecule placed in the
lattice spaces entered into C-H------1 interaction with the centre of the
phenolic group in the compound. The interaction distance of the
hydrogen atom of the solvent molecule interacting with the centre of the
benzene ring is 2.563 A.

3.3. UV-Vis absorption and emission properties

UV-Vis absorption and photoluminescence properties of the
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Table 2

UV-Vis absorption and photoluminescence data of the compounds.
Compound UV-Vis. (Amax, Exc. (Mnax» Em. (Amax,

nm) nm) nm)
5-Amino-1,10- 257, 286, 307 257 430
phenanthroline

1 268, 337 266 305, 365
2 260, 281, 341 258 305, 366
3 278, 356 278 311, 369
4 257, 281 256 312, 367
5 260, 369, 415 262 323, 356

compounds in solution (DMSO, 10> M) were investigated and spectral
data are presented in Table 2. The absorption and photoluminescence
spectra of the compounds are given in Fig. 4. In the absorption spectrum
of 5-amino-1,10-phenanthroline, an absorption band observed at Apax:
257 nm can be assigned to the n-n* electronic transitions of the n-elec-
trons in the structure. Moreover, there are two not well separated
weaker bands observed at Apay: 286 and 307 nm and these bands are due
to the n-n* and n-n* electronic transitions, respectively. When the ab-
sorption spectra of Schiff base compounds 1-5 were examined, the shifts
were observed in both absorption values and wavelengths, these reflects
the presence different groups attached to the phenanthroline. The ab-
sorption bands of all Schiff base compounds showed hyperchromic shifts
with respect to the 5-amino-1,10-phenanthroline. In the spectrum of
compound 1 and 3, two absorption bands observed at 245-410 nm were
observed and these bands are assigned to the n-t* and n-n* electronic
transitions, respectively. In the spectra of compounds 2 and 4, the ab-
sorption band of n-n* transitions at 245-320 nm range are accompanied
by a shoulder band at Ay ax: 281 nm. In the spectrum of 4, n-t* transitions
were not observed. In the spectrum of compound 5, in addition to the
strong absorption band at 245-310 nm range due to the n-n* transitions,
two weaker bands were observed at 350-450 nm range (Apax: 365 and
415 nm). These two absorption bands are characteristic electronic
transitions of anthracene group [9].

The photoluminescence properties of the 5-amino-1,10-phenanthro-
line and its Schiff base derivatives 1-5 were also investigated in DMSO
(107° M) (Fig. 4). All compounds are emissive when excited at their
corresponding maximum absorption values of n-n* transitions. Upon
excitation at 257 nm, 5-amino-1,10-phenanthroline showed a broad
emission band in the range of 370-500 nm (Apyax: 430 nm). Although the
Schiff base compounds 1-5 are excited at similar wavelengths to that of
5-amino-1,10-phenanthroline, they showed significantly different
emission properties. In the spectra of the compounds 1-5, the emission
band in the range of 370-500 nm due to the starting 5-amino-1,10-phe-
nanthroline showed red-shift with significant quenching’s. Instead, the
Schiff compounds emits light in the range of 260-420 nm upon irradi-
ated at 258-278 nm range. The emission spectra of compounds 2 and 4
are similar and showed strong emission band at 275-350 nm range
accompanied by a shoulder band. The emission spectra of the com-
pounds 1 and 3 are similar to those of 2 and 4, yet emission intensities
are significantly lower. Compound 5 exhibits two almost separated
emission maximums in the range of 275-410 nm. The emission spectra
of the compound 5 is similar to those compounds containing the
anthracene moiety [9].

3.4. Optimized structures and structural parameters

The optimized structures of 1-5 compounds were obtained in gas
phase at the level of B3LYP/6-31G(d) and are given in Fig. 5 and some
molecular structure parameters of the investigated compounds are
presented in Table 3.

When structural parameters of compounds 1-5 given in Table 3 are
examined, it is remarkable that the molecular structures basically do not
change in the same bound group phenanthroline part. For each mole-
cule, the C1-N1 bond length is approximately 1.2 A and the C2-N2 bond
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Fig. 4. Normalized absorption (up) and emission spectra of the synthesized compounds in DMSO (10~> M).

length is 1.4 A. This situation is compatible with the double bond and
single bond structure formed by the nitrogen donor atoms with the
carbon atom. In addition, the C1-N1-C2 bond length was calculated to be
approximately 120° and it shows that the steric and inductive effects of
the groups attached to the nitrogen atom attached to the phenanthroline
moiety do not have an important role in the molecular structure.

3.5. Frontier molecular orbitals

According to Molecular Orbital Theory, the highest occupied mo-
lecular orbital (HOMO) and lowest energy unoccupied molecular orbital
(LUMO) energies can be used to characterize the electron donating and
electron accepting capacity of the chemical species. High values of a
molecule’s HOMO energy indicate that it has a good electron donating
potential and a low LUMO orbital energy indicates that the molecule has
a good electron accepting potential. Frontier molecular orbital images
and energy gaps of the studied molecules are given in Fig. 6.

According to the contour diagrams of the HOMO and LUMO orbitals
given in Fig. 6, it shows that the HOMO and LUMO orbitals are localized

in the n-bonds of the molecules. The HOMO molecular orbital refers to
the electron donating sites in the molecule. Electron donor atoms in
molecules appear on the phenanthrene moiety and electron acceptor
atoms are on alternating ligands in molecules.

3.6. NLO properties

Molecules with nonlinear optical (NLO) properties can change the
propagation properties of incoming light (phase, frequency, amplitude,
polarization, etc.). Therefore, molecules with NLO properties attract
attention. Computational chemistry techniques can correlate NLO
properties of molecules with numerical data. Especially organic mole-
cules have attracted much attention due to their various strategies such
as conjugated system and planarity.

Quantum chemical parameters and polarizability parameters (total
static dipole moment (u), mean linear polarizability («), anisotropy of
polarizability (Aa), and first hyperpolarizability (§)) are used to estimate
NLO properties [30]. The total static dipole moment (u), mean linear
polarizability (o), anisotropy of polarizability (Aa) and first
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Fig. 5. Optimized structures of investigated compounds.

Table 3
Some calculated structural parameters for compounds 1-5.

Compounds Bond Length (f\) Angle Degree (°)
C1-N1 C2-N2 C1-N1-C2

1 1.284 1.401 119.7

2 1.282 1.406 120.4

3 1.283 1.406 120.4

4 1.286 1.397 119.7

5 1.287 1.400 119.4

hyperpolarizability (p) values for molecules 1-5 are calculated at the
B3LYP/6-31G(d) level. NLO properties can be associated with the pa-
rameters given in Table S1. If the HOMO energy is high, the electron
transfer tendency may increase. A lower ELUMO value indicates higher
electron accepting ability of the molecule. The NLO properties of the
studied molecules become advantageous with increasing HOMO and
decreasing LUMO energy values. Moreover, if the energy difference
between LUMO and HOMO decreases, the NLO properties of the mole-
cules increase [35]. According to the HOMO and LUMO energies, the
NLO property of the molecule 5 is higher than both other molecules and
the reference substance urea, and this may indicate that the compound 5
has more NLO properties.

Total static dipole moment(u), mean linear polarizability (o),

polarizability anisotropy (Aa) and first hyperpolarizability (f) values
given in Table S1 are the basic parameters in predicting NLO properties.
The NLO properties of the investigated compounds are compared with
the urea reference material. Increasing values of these parameters pro-
vide superiority in terms of NLO materiality. According to the results
listed in Table S1, the NLO parameters of compound 5, whose = delo-
calization is evident, are quite high, and the NLO order of the investi-
gated compoundsis 5 >1 >4 >3 > 2.

3.7. Light emitting properties

We can get information about OLED material properties of chemical
species with computational chemistry methods. OLED material proper-
ties can be evaluated in many ways. An OLED device has layers with
different properties. The suitability of the OLED material for any of these
layers can be predicted by some parameters. These layers consist of an
electron transport layer (ETL), an emission layer (EL), and a hole
transport layer (HTL) between a cathode and an anode. In addition to
these layers, there is the electron injection layer (EIL) adjacent to the
cathode and the hole injection layer (HIL) adjacent to the anode. The
reference material for ETL compounds is tris(8-hydroxyquinoline)
aluminum complex (Alq3) [36]. Preparation and characterization of
blue-luminescent tris (8-hydroxyquinoline)-aluminum (Alq3). while the
reference material for HTL compounds is N,N’-diphenyl-N,N’-. bis(3-
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Fig. 6. Frontier molecular orbitals of compounds1-5.

methylphenyl)-1,1’-diphenyl-4,4’-diamine (TPD) [37]. Photo-
luminescence and electroluminescence of the exciplex formed between a
terbium ternary complex and N, N’-diphenyl-N, N’-bis (3-methyl-
phenyl)-1, 1’-diphenyl-4, 4’-diamine. A good OLED material should have
parameters superior to reference materials.

To apply the Marcus equation to molecules, eight energy parameters
per molecule given in Equations (9) and (10) were calculated with the
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level of B3LYP/6-31G(d) (Table S2). The parameters obtained and the
reorganization energies (A and Ay) in Table S2 were obtained from the
equations. The suitability of compounds 1-5 to the OLED material layers
can be judged by comparing them with those of the reference materials.
For ETL material, reference Alq3 (A = 0.276 eV) is used, for HTL ma-
terial reference TPD (Ap, = 0.290 eV) is used. The lower the reorgani-
zation energy than the reference materials suggest that it will have a
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Fig. 7. The normalized emission spectra of compound 5 in DMSO (107° M) upon addition of different concentrations of nitroaromatic in DMSO (Aexc: 262 nm).
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Fig. 8. The Stern-Volmer plots of 5 with NB, NP, DNP and TNP. The solid lines were fitted to the concentration-resolved data using the Stern-Volmer equation. Insets
in the graph of NB and TNP are linear part of The Stern-Volmer plots obtained for 0-40 pM concentration range.

higher charge transfer rate. With this approach, its suitability for ETL
and HTL material can be suggested. The calculated electron and hole
reorganization energies of compound 5 are 0.109 and 0.219 eV,
respectively. The calculated electron and hole reorganization energies of
compound 1 are 0.152 and 0.265 eV, respectively. The Ae of compounds
5 and 1 are lower than the reference Alq3 (Ae = 0.276 eV) [38]. Effi-
ciency and stability of different tris (8-hydroxyquinoline) aluminium
(Alq3) derivatives in OLED applications. Therefore, it can be said that
compounds 5 and 1 are more advantageous as ETL materials instead of
Alg3. In Table S2, only the Ay, values of compounds 5 and 1 for the HTL
material are smaller than the A, value of TPD (A, = 0.290 eV). Only these
two molecules are suitable for HTL material. Hole injection capacity can
be correlated with IP and EA values. In general, molecules with smaller
IP and larger EAs allow easier injection of holes from the hole (electron)
transport layer to the emitter layers. In this way, it facilitates hole and
electron transfer. Table S2 shows the adiabatic/vertical ionization po-
tentials (IPa/IPv) and adiabatic/vertical electron affinities (EAa/Eav)
values of the molecules. The IPa/v and EAa/v values of 5 are 4.118/
4.165 eV and 0.892/0.901 eV, respectively. The IPa/v and EAa/v values
of (1) are 4.461/4.299 eV and 0.894/0.885 eV, respectively. When the
results are examined, the IP values of 5 are lower than the others. Again,
the EA values of 5 are higher than the others. The order of advantage of
the investigated compounds as HIL and EIL compounds is almost similar
to the order of NLO properties, and the general trend among the com-
poundsis5>1>4>3> 2.

3.8. Fluorimetric sensing properties towards nitroaromatic compounds

Fluorescent quenching-based fluorimetric sensors are one of the se-
lective and sensitive methods that have been frequently studied in recent

years for the detection of nitro-aromatic explosives [17]. The quenching
effect occurs in the emission band mainly due to the interaction of the
fluorescence sensor with the nitroaromatic compound. There are many
reported fluorescence quenching-based fluorimetric sensors for the
detection of nitroaromatic compounds in the literature. However, re-
ported fluorimetric probes reported have significant disadvantages such
as high cost, multi-step synthesis, reusability, lack of selectivity, and low
sensitivity. The sensor properties of the synthesized Schiff base com-
pounds (1-5) were investigated by fluorescence spectroscopy in the
detection of nitroaromatic compounds. DMSO solutions of nitroaromatic
compounds with varying concentrations (0-100 M) were added to the
DMSO solution of the synthesized compounds (keeping probe concen-
tration constant). The emission spectra of each probe in the presence of
different nitro-aromatic concentration were measured and changes in
the emission spectra were taken into account. Nitrobenzene (NB), 4-
nitrophenol (NP), 2,4-dinitrophenol (DNP) and 1,3,5-trinitrophenol
(TNP) were used as nitroaromatic compounds. Gradual addition of
nitrobenzene (NB), 4-nitrophenol (NP), 2,4-dinitrophenol (DNP) and
1,3,5-trinitrophenol (TNP) generally caused decreases in fluorescence
emission intensities (quenching) of all compounds. As representative,
the emission spectra of the compound 5 in the presence of various
nitroaromatics are shown in Fig. 7. However, it has been found that each
fluorescent compound has different sensitivity quenching constants to
different nitroaromatics and thus sensory properties.

Based on the emission quenching of the compounds in the presence
of different nitroaromatic compounds, the quenching constants (Ksv)
were calculated from the slope obtained from the Stern-Volmer equation
(Ip/1 versus nitroaromatic concentration [A]). The linearity of the Stern-
Volmer plots suggest the static quenching mechanism by a ground state
charge transfer between the nitroaromatics and probes. As
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Table 4
Ksv and LOD values for the detection of nitroaromatic compounds.

Ksy M ™! (R?)

Compounds NB NP DNP TNP

1 2.67 x 1.02 x 2.80 x 1.97 x
10%(0.9884) 10%(0.9948) 10*(0.9974) 10*(0.9900)

2 3.25 x 3.80 x 2.29 x 4.13 x
10%(0.9872) 10%(0.9929) 10%(0.9728) 10%(0.9826)

3 9.80 x 6.00 x 5.26 x 4,63 x
10%(0.9922) 10%(0.9749) 10*(0.9996) 10*(0.9975)

4 2.60 x 2.90 x 1.14 x 1.63 x
10%(0.9898) 10%(0.9826) 10%(0.9933) 10(0.9982)

5 3.30 x 4.40 x 5.71 x 10* 2.26 x
10%(0.9862) 103(0.9875) (0.9951) 10*(0.9604)

Limit of detections (LOD, pM)
NB NP DNP TNP

1 36.30 26.20 11.76 36.85

2 5.48 21.45 26.66 6.13

3 22.45 9.50 2.00 4.01

4 2.64 13.27 6.41 9.54

5 6.47 13.00 475 7.43

representative, Iy/I versus nitroaromatic concentration [A] graphs for
compound 5 are shown in Fig. 8. The quenching constants (Ksv) are
given in Table 4. The magnitude of the Ksv values is indicative of their
sensitivity to the studied nitroaromatics. As the magnitude of the
damping constant increases, the sensitivity increases. As can been seen
from Table 4, all compounds showed quenching based sensor properties
toward studied nitroaromatics and their sensitivities (Ksv) are 2.90 x
10%-5.71 x 10* M~ range. The relatively Ksv values of the compounds
1-5 compared to the literature suggest the poor binding interactions
between the fluorophore and analyte [39,40]. When Ksv values are
taken into account, all compounds showed higher sensitivity to 2,4-dini-
trophenol (DNP) and 1,3,5-trinitrophenol (TNP) than the other nitro-
aromatics. For the sensing of 2,4-dinitrophenol (DNP) the best
sensitivity was obtained for compound 5 with Ksv value of 5.71 x 10*
M. For compound 5, the order of sensitivity for the sensing of nitro-
aromatics is DNP > NB > TNP > NP. The higher sensitivity of compound
5 towards DNP may be due to the better energy transfer in the excited
between the DNP and probe 5.

Compound 3 have highest sensitivity for the sensing 1,3,5-trinitro-
phenol (TNP) (Ksv: 4.63 X 10* M. Relatively higher sensing abili-
ties of the synthesized compounds towards 2,4-dinitrophenol (DNP) and
1,3,5-trinitrophenol (TNP) are due to the better energy transfer in the
excited state from excited molecules to the nitroaromatics. It has been
interpreted that the excited state energy level of the synthesized com-
pounds may be close to the lowest energy vacant orbital energy level of
electron-poor DNP or TNP, and this allows more efficient energy transfer
resulting in higher quenching constants. The similar observations were
observed in previous studies [30].

Finally, the limits of detection (LOD) of the synthesized compounds
were calculated and given in Table 4. Micro molar level of detection was
obtained for our molecules as pertinent with other reported fluorescence
probes. For the sensing of 2,4-dinitrophenol (DNP) and 1,3,5-trinitro-
phenol (TNP), compound 3 showed the lowest LOD values 2.00 and
4.01 uM, respectively. It has been seen that the obtained LOD values are
comparable to the values in the literature [9,30,41].

4. Conclusions

A series of 1,10-phenanthroline based Schiff base compounds were
prepared and their structures were determined by spectroscopic and
analytical methods. The compounds were used as small fluorescence
probes for the sensing of nitroaromatic compounds. All compounds
showed fluorescence quenching based sensory properties, yet no specific
selectivity towards any of nitroaromatics used. Compound 3 exhibited
sensitivity for 1,3,5-trinitrophenol (TNP) with Ksv: 4.63 x 10*M ! and
compound 5 has the highest sensitivity for 2,4-dinitrophenol (DNP) with
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Ksv: 5.71 x 10* M™1). Lowest LOD was found for compound 3 for
sensing of DNP with LOD of 2.00 uM. Non-linear optical (NLO) and
OLED properties of the compounds were investigated by computational
studies. According to the HOMO and LUMO energies, compound 5
showed the NLO property than both other molecules and the reference
substance urea.
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