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Abstract The novel photoinduced electron transfer (PET)
chemosensor, 1-(1-(4-methoxyphenyl)-1H-phenanthro[9,10-
dJimidazol-2-yl)naphthalen-2-ol [MPPN] and its zinc com-
plex were synthesised and characterized by electronic spectral
and Frontier molecular orbital energy analysis. MPPN be-
comes efficient fluorescent chemosensor upon binding with
metal ions and shows a strong preference toward Zn>" ion.
Density Functional theory (DFT) calculations reveal that lu-
minescence of free MPPN originates from its orbital structure
in which two 7-orbitals (HOMO and HOMO-1) of the imid-
azole ring are situated between two m-orbitals (HOMO-2 and
LUMO) of the naphthyl fragment. Therefore the absorption
and emission processes occur between the two 7- orbitals
(HOMO-2 and LUMO). The two higher energy imidazole
orbitals (HOMO and HOMO-1 ) serve as quenchers for the
excited state of the molecule through nonradiative processes.
Upon binding with Zn** ion, MPPN becomes a highly lumi-
nescent with A,i—421 nm. The significant enhancement of
luminescence upon binding with Zn*" ion is attributed to the
stabilization of HOMO-2 and HOMO-1 7t-orbitals of imidaz-
ole ring upon their engagement in new bonds with Zn>" ion.
The affinity of MPPN to zinc ion is found to be very high [K=
6x10° M '] when compared with other metals ions. The
nonlinear absorption coefficient v for MPPN is 1.9x
1072 m/W and 3.9x 10" m/W for MPPN-Zn complex.
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Introduction

2The development of fluorescent indicators are sensitive to
biologically relevant substrates such as zinc [1-6], magne-
sium [7-9] and alkali metal cations [10—15], anions such
as halides [16-26] and carboxylates [27-31] is of enor-
mous interest to biology-related research and also for
medical diagnostics. Among the several detection mecha-
nisms, photoinduced energy transfer (PET) appears to be
the most elegant, sensitive and effective way to identify
the presence of protons [32-34], metal ions [35], anions
[16-26, 36-40] and even uncharged molecules [41-49].
The PET chemosensor consists of a luminescent species
which is attached to a recognition group [50-54]. In the
unbound molecule, the binding group efficiently quenches
the excited state of the luminescent part. This is normally
achieved through electron energy transfer processes that
takes place between the lone pair electrons of the recog-
nition group and the relevant orbitals of the luminophore
that are involved in the optical absorption and emission
processes. Therefore, upon binding, the lone pair of the
recognition group becomes engaged in the newly formed
bond and can no longer serve as an efficient quencher for
the luminophore. Thus, these kind of systems regain their
luminescence upon binding a guest and are therefore
capable of signaling its capture. In this article we report
the synthesis, quantum chemical studies and excited state
intramolecular proton transfer (ESIPT) analysis of the
newly synthesized (1-(4-methoxyphenyl)-1H-
phenanthro[9,10-d]imidazol-2-yl)naphthalen-2-ol [MPPN].
We have also addressed a new phenanthrimidazole
(MPPN) based PET chemosensor for zinc ion. In contin-
uation of our research [55-63] toward the molecular
hyperpolarizability we found that a phenanthrimidazole
derivative makes the zinc complex as the potential NLO
material.
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Experimental
Spectral Measurements

The infrared spectra were recorded with an Avatar 330-
Thermo Nicolet FT-IR spectrometer. The 'H and proton
decoupled '*C NMR spectra of MPPN and its zinc complex
in dimethyl sulphoxide (DMSO) were recorded at room tem-
perature using a Bruker 400 MHz NMR spectrometer operat-
ing at 400 and 100 MHz, respectively. The mass spectra were
obtained using a Thermo Fischer LC-Mass spectrometer in
fast atom bombardment (FAB) mode. The UV—-vis absorption
and fluorescence spectra were recorded in both polar and
nonpolar solvents with PerkinElmer Lambda 35 spectropho-
tometer and PerkinElmer LS55 spectrofluorimeter, respective-
ly. Required volume of aqueous solution of metal ions of
desired concentration was added to the solution of Ix
107> M of MPPN in dioxane, sonicated and electronic spec-
trum were recorded.

Computational Details

The quantum chemical calculations were performed using the
Gaussian-03 [64] package. Computation of optimization and
HOMO and LUMO frontier orbitals were performed using
density functional theory (DFT) method.

Facile and Rapid Synthesis of 1-(1-(4-methoxyphenyl)
-1H-phenanthro[9,10-d]imidazol-2-yl)naphthalen-2-ol
[MPPN] by InF;

A mixture of 2-hydroxynaphthaldehyde (1 mmol),
phenanthroquinone (1 mmol), 4-methoxyaniline (I mmol),
ammonium acetate (1 mmol) and InF3 (1 mol %) was stirred
at 80 °C. The progress of the reaction was monitored by TLC
[65]. The reaction, the mixture was cooled and filtered. The
product was purified by column chromatography using ben-
zene: ethyl acetate (9:1) as the eluent. M.p. 231°C. Anal.
calcd. for C5,H,,N>O,: C, 82.38; H, 4.75; N, 6.00 . Found:
C, 82.08; H, 4.70; N, 5.92. '"H NMR (400 MHz, DMSO): &
3.72 (s, 3H), 8.96 (d, /=8.4Hz, 1H), 8.91 (d, /=8.4Hz, 1H),
8.66 (d, J/=7.6Hz, 1H), 7.89 (d, /=8.0Hz, 1H), 7.76 (d, J=
7.2Hz, 1H), 7.57 (d, J=7.6Hz, 1H), 7.38 (t, 1H), 7.20 (d, J=
8.0Hz, 1H), 7.96 (t, 2H), 7.69 (t, 2H),7.55-7.42 (m, SH), 6.94
(d, J=8.4Hz, 2H), 12.93 (s, 1H). '*C NMR (100 MHz,
DMSO): & 55.28, 114.62, 120.27, 121.98, 122.59, 123.66,
124.42, 124.67, 125.19, 125.60, 125.78, 126.20, 126.69,
126.82, 126.86, 127.24, 127.42, 127.64, 128.04, 128.09,
128.29, 128.41, 129.50, 129.52, 129.72, 129.95, 132.35,
132.76, 136.28, 150.47, 159.47. MS: m/z. 466 [M']. IR
(em 1) 1625, 1125, 2210.

@ Springer

Synthesis of MPPN- Zn

The ligand MPPN (1 mmol) and Zn(CH;COO),'4H,0
(0.5 mmol) were dissolved in ethanol (20 mL) in the molar
ratio of 2:1. The solution stirred for 3 days at room tempera-
ture. The formed crystals were filtered. Anal. calcd. for
C;3,H,1N,0,Zn : C, 72.39; H, 3.99; N, 5.28. Found: C,
72.08; H, 3.81; N, 5.03. '"H NMR (400 MHz, DMSO): %
3.01 (s, 3H), 8.90 (d, 1H), 8.53 (d, 1H), 7.78 (s, 1H), 7.51
(d, 2H), 7.25 (s, 2H), 7.90 (t, 2H), 7.51-7.22 (m, 7H). '*C
NMR (100 MHz, DMSO): 6 54.91, 112.62, 122.05, 124.01,
125.98, 126.43, 126.89, 127.30, 128.21, 128.63, 129.49,
129.92, 132.82, 136.92, 150.01, 153.92. MS: m/z. 529.09
[M']. IR (cm™"): 937.12 (Zn-0), 465.68 (Zn-N).

Results and Discussion
ESIPT Process

Absorption and emission spectra of MPPN have been record-
ed (Fig. 1). The fluorescence spectra in dioxane display a dual
emission, one emission band at shorter wavelength 310 nm
and another peak at longer wavelength 408 nm. The emission
peak at shorter wavelength (310 nm) is assigned to rotamer I
(exist with intramolecular hydrogen bonded isomeric form)
and that at the longer wavelength (408 nm) is assigned to
rotamer II. Excitation of isomer I lead to the formation of
keto-isomer II due to ESIPT (Fig. 2a). Stokes shift is impor-
tant for a fluorescent sensor. The higher stokes shift supplies
very low background signal and allows the usage of the
material in construction of a fluorescence sensor [66].
However in hydroxylic solvent, a short wavelength emis-
sion band appears due to the presence of intermolecular hy-
drogen bonding with hydroxylic solvent leading to the stabi-
lization of solvated isomer III in which ESIPT is impossible.
The parent compound 1-(4-methoxyphenyl)-2-(naphthalen-1-

— MPPN
— MPNPI

Normalised fluorescence
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Fig. 1 Room temperature emission spectra of MPPN and its parent
MPNPI
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yl)-1H-phenanthro[9,10-d]imidazole (MPNPI) exhibits emis-
sion peak only at 368 nm, absence of additional peak at longer
wavelength confirms the absence of intramolecular hydrogen
bond in parent compound. It is evident that intramolecular
hydrogen bonding is the driving force for ESIPT and the dual
fluorescence behaviour of MPPN [67-69]. The existence of
intramolecular hydrogen bond is confirmed by the presence of

singlet at 12.93 ppm in the "H NMR spectra which is found as
the driving force for ESIPT process.

Relative Stability of Different Conformers

A simplified schematic photoinduced proton transfer process
in MPPN is presented in Fig. 2a in which enol-form represents

Table 1 Selected optimized ge-

ometry parameters for the enol Geometry parameters MPPN Geometry parameters MPPN - Zn
and keto-forms and Zn-Complex
Enol-form Keto-form
Bond length (A) Bond length (A)
034-Hs; 1.01 2.09 Ci0-Ny7 1.44
N17-Cis 1.35 1.46 Ci6-Ny7 1.28
034-Cy6 1.43 1.27 Ni5-Cis 1.48
C7-Nys 1.50
Ni7-Hss 2.49 1.01 Ci6-Casq 1.65
Ni17-Cio 1.47 1.51 C24-Cys 1.61
Ci6-Caq 1.54 1.36 C6034 1.51
Ca4-Cye 1.36 1.51 O34-Znsy 1.78
Ni17-Cio 1.47 1.45 Ni7-Znsy 1.80
N;5-Cig 1.47 1.46 N;5-Cig 1.47
Bond angle (°) Bond angle (°)
Hs3-034-Cy6 109.8 - C10-N17-Znsy 143.7
Ni7-Hs4-O34 81.2 - Cy6-034-Zns4 934
C4-Cy6- O34 119.7 1254 N17-C16-Cag 120.8
N7-C16-Caa 124.6 1189 Ni5-C16-Caa 131.3
Dihedral angle (°) Dihedral angle (°)
Ni5-C16-C24-Css 3.0 18.0 C16-C17-C16-Cay 167.7
N17-C16-C24-Co6 3.6 - C10-C17-Zns4-034 139
N;7-C16-C26-O34 0.4 489 C24-Ca6-034-Znsy 151
His3-C34-Ca6-Caa 69.2 - Ni5-C16-C17-Znsy 171
Hsg-N57-C16-Cas 87.9 -
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Table 2 Relative energy (AE

keal/mol), dipole moment (y, D), Comd. AE u Ny 033 HOMO LUMO HOMO-1 LUMO+1

Mulliken charges and HOMO-

LUMO energies (¢V) of MPPN Enol-form 0.00 3.1 —0.185 —0.285 —8.46 -5.06 -9.03 —4.42
Keto-form 23.1 5.9 —0.125 —0.318 -7.31 -2.76 —8.50 —0.68

the ground-state geometry of the enolic conformer and keto-
form is the proton transferred geometry of the molecule. Few
important optimized geometry parameters [DFT/B3LYP/6-
31G(d,p)] relevant to ESIPT are summarized in Table 1. The
N17—Ci0, Ny7—Ci¢, O34—Hs3 and C,4—C54 bond lengths are
enlarged on going from enol to keto isomer whereas O34—Csg,
N;7—Hs3 and C,sC,4 distances are shortened. Such modula-
tion in the bond distances from enol to keto isomer rational-
ized by the reduced double bond character of the bonds in the
former cases and increase of the same in the latter cases. As far
as the angular changes are concerned, the angle <Hs3-O34-Cyg
is considerably shortened while the angle <N;7-Hs4-O34 un-
dergoes enlargement on passing from enol to keto-form. The
variation of the optimized geometry parameters during enol
— keto transition is in accordance with the geometric reorga-
nization required in course of an ESIPT process. Moreover the
intramolecular hydrogen bond distance (Hs;...N;7) in the
enol-form is predicted to be 2.49 A. This is longer than usual
hydrogen bond distances involving six-member hydrogen
bonding ring type [70-73].

The data compiled in Table 2 throw light on the relative
stabilities of the enol and keto forms in the ground-state.
Calculation predicts the enol-form is the lowest energy con-
former in the ground-state, while the keto-form is appreciably
unstable, 23.07 kcal/mol higher with respect to the enol-form.
Such high degree of instability of the keto-form in the ground-
state is a strong corroboration to the non-viability of ground-
state intramolecular proton transfer (GSIPT) reaction. The
ground-state dipole moment of keto-form (5.9 D) is remark-
ably higher than that of enol-form (3.1 D). Such enlargement
of dipole moment for keto-geometry provided us the impetus

Fig. 3 a Absorption spectra of
MPPN and MPPN-Zn; b
Emission spectra of a solution of
1x107> M MPPN in the presence
of different concentrations of
Zn*" (NOs),, (@) 0 M, (b) 9.85x%
108 M, (c) 4.88x107" M, (d)
8.90x1077 M, (e) 3.00x10°° M,
() 4.86x10°° M, (g) 7.45x%
10°M, (h) 9.42x10°M

R MPPN-Zn

to extend the calculations further so as to be able to delineate
the influence of solvent reaction field on the relative stabilities
of various conformers and optimized geometry parameters.

Electronic Spectral Analysis

The absorption spectra of MPPN show a superposition of the
bands corresponding to the donor and acceptor subunits which
seem to be only slightly perturbed by their interactions. The
three absorption bands at 358, 307 and 288 nm are assigned to
!(71- 7t%) transition correspond in Platt’s notation to 'Ly, ) "L,
and 'B, excited states. The low and high energy transitions,
Ly So, 'L, «— Sy and 'B, « S, respectively, with a
relatively high probability can be clearly observed in the
absorption spectra [74, 75]. Detailed inspection of low-
energy absorption region of the phenanthrimidazole derivative
containing naphthyl as an electron acceptor clearly indicates
the presence of additional charge transfer singlet states. A long
wave shoulder attributed to 'CT«— S, transition is also ob-
served. The magnitude of the shifts suggests that the ground
state of the molecule is polar.

The absorption around 399 and 408 nm can be assigned to
metal — ligand charge transfer (MLCT) and ligand — ligand
charge transfer (LLCT) for Zn-MPPN. The high energy tran-
sitions 258 and 281 nm are from intra-ligand 7-7t* transitions.
The HOMOs have about 2.5 % contribution for MPPN — Zn
of central metal ion, while the LUMO and LUMO+1 is nearly
localized on ligand. Therefore, the lowest energy absorption is
assigned as the LLCT and mixed with MLCT. Figure 2b
depicts the absorption of MPPN are found to be very sensitive
to the presence of even submicromolar traces of zinc ion.

Molar extinction coefficient /10 M-lem?! Q)

Luminescence Intensity (a.u.) T

I
250 300

Wavelength (nm)

@ Springer

T
400

300
Wavelength (nm)

I
350 400 450 500



J Fluoresc (2014) 24:827-834

831

Table 3 Binding con-

stant (K) between MPPN lon KM
and different metal ions
Zn** 6x10°
cd** 2x10*
Mg 6x10°
cu?t 4x10°
Li* Less sensitive
Na* Less sensitive
K" Less sensitive

Binding constant K was calculated according to the Benesi-
Hildebrand equation, 1/(A—AO)=1/{K(Anax—
AO) [Zn**,} +1/[Amax—Ao], here A, is the absorbance of
receptor in the absence of Zn>", A is the absorbance recorded
in the presence of Zn”*, Apax is absorbance in presence of
added [Zn”*"]max and K is the binding constant (M "). The
binding constant (K) could be determined from the slope of
the straight line of the plot of 1/(A—A,) against 1/[ Zn*1,
confirming 1:1 binding between MPPN and Zn** with bind-
ing constant, K=6x 10° and slope=1.05 (*=0.99) [76, 77].

Addition of even trace amount of zinc ion results increase
of the luminescence of MPPN (Fig. 3a). The affinity of
chromophore toward other metal ions, such as Cd**, Cu**
and Mg”" is significantly lower than that for Zn®" as can be
seen in Fig. 3b. The apparent binding constants (K) have been
obtained from the fluorescence data using the following equa-
tion, 1/(F—Fy’) = 1/(F—Fy) + 1/ K (F—Fg) [MPPN], where K
is the binding constant, F|, is the fluorescence intensity of the
bare imidazole derivative, F'is the fluorescence intensity of the
complex. A good linear relationship was obtained by the plot
of 1/(F—F}) and the reciprocal concentration with the binding
constant K=6.2 x 10® for MPPN-Zn which is similar with that
calculated from absorbance data. Table 3 depicts the different
binding constants calculated from the metal induced gain in
luminescence. The fluorescence intensity of MPPN was found
to be practically independent of the presence of Li*, Na™ and
K" ions and the weaker effect of these ions is indicative of the
reduced affinity of MPPN toward those ions.

The enhancement in fluorescence intensity of MPPN on
interaction with Zn>" may be explained on the basis of the
thermodynamically favourable photo induced electron

Phenanthrimidazole Recognition
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/ /
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\ \

Week fluorescence

hvu

Strong fluorescence

Scheme 1 Metal ion sensing by fluorescent photoinduced electron trans-
fer (PET) indicators
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Fig. 4 Cyclic voltammetric response of 1 mM solution of MPPN in 1:1
(vv) DMSO:H,0

transfer (PET) mechanism [78] between MPPN and Zn*".
The Zn>" ion bind to MPPN via lone pair of electron of the
azomethine nitrogen atom and recognition group of the
phenanthrimidazole moiety. The PET process occurs due to
the transfer of electron density, originating at the lone pair of
electrons on nitrogen atom of the imidazole moiety, to the
LUMO of the fluorophore. Binding of Zn*" to MPPN through
the nitrogen atom lone pair will obviously hinder the PET
process leading to fluorescence intensity enhancement of
MPPN on interaction with Zn** ion (Scheme 1). The cyclic
voltammogram of MPPN and MPPN- Zn was recorded in 1:1
(vv) DMSO: H,0. An irreversible cyclic voltammogram was
obtained at +0.298 V for MPPN. The effect of Zn>" on the
voltammogram was investigated by adding different concen-
tration of Zn>" in the electrolytic medium. On interaction with
Zn*" the irreversible cyclic voltammogram observed for
MPPN became quasi reversible with reduction peak at +
0.129 V and oxidation peak at +0.452 V (Fig. 4).

S
%" éf\.B
S

LUMOFL

7.
hMO-‘l:

_ﬂ HOMO-15.4

Scheme 2 Energy diagram of PET based sensing
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software package, B3LYP/6-31G (d,p))
Frontier Molecular Orbital Energy Analysis

Orbital energy level diagram for the free host MPPN and its
zinc complex MPPN- Zn by DFT analysis shows that the PET
of MPPN is due to the presence of lone pair of electrons on
azomethine nitrogen which behave as a quencher and also
binding site for metal ion (Scheme 2). The energies of the
LUMO, HOMO, HOMO-1, HOMO-2 and any other relevant
orbital of the energy minimized systems were extracted from the
calculations and presented in Fig. 5a & b for the free host and its
zinc complex respectively. Luminescence of free MPPN origi-
nates from its orbital structure in which two m-orbitals (HOMO
and HOMO-1) of the imidazole ring are situated between two 7 -
orbitals (HOMO-2 and LUMO) of the naphthyl fragment. The
two m-orbitals of the imidazole ring are located between the
two m-orbitals that participate in photoexcitation and
photoluminescence which is indicative of a PET system. In
contrast, the lone pair of nitrogen atom of imidazole ring is at a
lower energy than HOMO-2. This explains the very low lumi-
nescence efficiency found for the free host. In the Zinc complex,
both the HOMO and LUMO 7r-orbitals participate in the photo-
excitation and photoluminescence processes. The 7m-orbitals of
imidazole ring located at HOMO-1 and HOMO-2 which are low
in energy than HOMO so that the luminescence enhanced.

Nonlinear Absorption Components

The nonlinear absorption components have been evaluated by
Z-scan method indicate that the absorption increases as the
incident light irradiance rises. The normalized transmittance is
about 76 % for MPPN and 70 % for complex and the nonlin-
ear absorption coefficient y for MPPN is 1.9x 102 m/W and
3.9x10""" m/W for MPPN-Zn complex. It is obvious that the
complex exhibit very strong NLO absorption [79, 80]. Ac-
cording to the frontier molecular orbital theory, orbitals of

@ Springer

HOMO-LUMO and related orbitals are important to the elec-
tronic properties of the complex. HOMO is usually as the
donor and the LUMO is an acceptor. These frontier orbitals
are primarily composed of d orbitals of metal ion in the zinc
complex and 7t - orbitals of oxygen and nitrogen atoms. It is
well known that stronger delocalization of electrons make the
system as potential NLO candidate. Thus, complex should
have better NLO properties than MPPN. The NLO properties
were affected by the energy gap, smaller energy gap make the
system as better NLO material. Figure 5a & b show that
MPPN tend to have largest energy gap compared with com-
plex which has the minimum. So that the zinc complex exhibit
strong NLO properties than the MPPN. This is consistent with
the experimental NLO results in this study.

Conclusion

A new phenanthrimidazole-based PET system, 1-(1-(4-
methoxyphenyl)-1H -phenanthro[9,10-d]imidazol-2-
ylnaphthalen-2-ol (MPPN), was synthesised and character-
ized by its affinity to different metal ions. This new material
shows potential affinity toward Zn”" ion and its zinc complex
is found to be more fluorescent than free host. To rationalize
the experimental results, DFT calculations were made, in
which the two m-orbitals of the imidazole ring of free
luminophore serve as quencher for the excited state. In the
complex, the 7m-orbitals of the imidazole ring are stabilized and
can no longer serve as quencher to the excited state of the
luminophore. Therefore, the luminescence of MPPN is en-
hanced upon binding of Zn>" ion. MPPN- Zn complex shows
strong NLO absorptive properties when compared with
MPPN which shows slightly weaker and the nonlinear ab-
sorption coefficient v for MPPN is 1.9x 10™'? m/W and 3.9x
10" m/W for MPPN-Zn complex. Based on Frontier
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molecular orbital calculations, MPPN has largest energy gap
and complex has the minimum and exhibit better NLO

property.
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